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Cadmium stannate (Cd2SnO4) is a high performance TCO (transparent conducting oxide) that has 
been used in the fabrication of leading performance thin film CdTe solar cells. Several studies in this 
work were done to enhance the technical knowledgebase and industry processing of the Cd2SnO4: 
mechanical film properties, tantalum doping, pulsed-DC compared to RF plasma deposition, and 
modeling of the sputter system in Fluent and Comsol. 
Mechanical properties, determined from nanoindentation measurements, are valuable for flexible 
substrate design and topcoats. It was found films annealed in oxygen rather than nitrogen increases elastic 
modulus by 16% and hardness by 32%, but film electrical and optical properties were degraded.  
Tantalum was also investigated as an n-type dopant in Cd2SnO4 with the goal of removing the lab-
standard CdS plate anneal, which is impractical for industrial manufacturing. Various doping levels, 
deposition temperatures, and post-anneals were done on sputtered films. Quantification of film quality is 
done using three properties: electrical, optical, and crystalline. These properties are measured with x-ray 
diffraction, Hall effect, spectrophotometer, and a profilometer to measure thickness and surface 
roughness. While 1-10% Ta is not an effective dopant, a significant discovery is approximate film 
properties can be achieved with a 550
o
C undoped Cd2SnO4 deposition with a standard anneal compared to 
the standard 20
o
C film with CdS anneal. This film may be competitive in industry as an improvement for 
the current FTO (SnO4:F). 
Pulsed DC plasma sputtering was investigated to enhance Cd2SnO4 film properties and is known to 
deposit faster than with RF for certain materials. It was found PDC improves film qualities at deposition 
temperatures of 300
o
C and above, compared to standard RF Cd2SnO4 films. Even without any anneal, the 
530
o
C PDC deposition has good properties compared to the RF 550
o
C. While conductivity is not as high 
with PDC, the mobility of the film is outstanding. With added CdS anneals, deposition temperatures 
300
o
C and above give improvements to the standard RF film. Deposition rates of these PDC films is 
increases 6-21% over RF at corresponding temperatures. 
 The sputter deposition was also modeled in Fluent (gas and surface reactions) and Comsol 
(plasma) in order to approximate deposition rates under various conditions and optimize chamber 
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CHAPTER 1: INTRODUCTION 
Solar energy converted directly to electrical power can be captured with a variety of proven 
photovoltaic technologies: amorphous silicon (a-Si), crystalline silicon (c-Si), thin films, and other 
emerging designs. DOE has placed a $1/W installed cost goal for solar energy that research is moving 
towards, in order to make solar economically viable compared to current non-renewable energy prices. 
Cadmium Telluride [CdTe] is a branch of the thin film photovoltaic solar power production 
receiving attention due to its high efficiency and lower processing costs compared to alternative 
technologies. The commercial solar panel company, First Solar, has recently  achieved 17.3% cell 
efficiency and 14.4% total area module efficiency with CdTe [1]. 
 
Figure 1.1: Solar Cell learning curves [2]. 
 
Future economical large-scale commercial production success lies in thin film solar cells. 
Improvements to efficiency or a reduction in processing cost can mean a significant cost savings for the 
industry. Research is being done globally to determine advancements in these films. 
In an attempt to achieve solar cell 1$/Watt goal, our research strives to both reduce manufacturing 
cost and improve efficiency. There are many solar cells in the early research stages: CIGS, CIS, GaAs, 
multijunction, and organic. In terms of large-scale availability, there are three cells that are currently 
competitive for manufacturing: c-Si [single crystal silicon], Cadmium Telluride, and a-Si [amorphous 





Figure 1.2: Efficiency comparison for c-Si, CdTe, and a-Si [3]. 
 
To achieve the 1$/Watt competitive energy goal, ~25% efficiency is required for current 
manufacture costs. Crystalline silicon and CdTe are both capable of achieving this efficiency; however 
the CdTe is superior to c-Si in various aspects. CdTe can be manufactured continuously, not in batches, 
and can also be deposited on flexible substrates. However it does have challenges in large scale 
manufacturing. The record NREL film (Ƞ=16.5%) is composed of 
glass/Cd2SnO4/Zn2SnO4/CdS/CdTe/metal. The typical film however has 
glass/FTO/SnO2/CdS/CdTe/metal. The TCO window layer is different because the Zn2SnO4 requires 
complex processing (surface plate anneal). FTO (fluorine doped tin oxide) is easy to deposit and 
commonly used in the electronics industry. 
  Cd2SnO4 is more desirable due to its lower resistance and higher transparency than SnO2:F 
(FTO). It has been reported RF plasma deposition  can obtain a Hall mobility of 60 cm
2
/V-s and charge 




due to its crystal structure [4]. Standard Cd2SnO4 processing 
involves a high-energy post-deposition contact anneal and etch in order to adequately dope the material as 
n-type and maintain favorable optical and electrical properties. However, this contact annealing is not 
economical for large-scale manufacturing. The goal of this research is to eliminate the need for this post 
anneal and, in doing so, take a limited lab-scale technique to a large scale processing level. Additional 






CHAPTER 2: TECHNICAL BACKGROUND 
Due to the multidisciplinary nature of this project, a brief section is dedicated to explaining the 
mechanics of the solar cell system itself. 
2.1 Physics of Thin Film Solar Cells 
Semiconductor materials can have electrons at one of two states: in the valence band (held within the 
lattice), or the conduction band (a free electron able to move around). Illumination can excite electrons in 
the valence band to the conduction band if there is sufficient photon energy. Once an electron is excited to 
the conduction band and mobile, there is a positive space left behind, described as a hole. The hole also is 
free to move, much like a dislocation in a lattice. The electron eventually relaxes back into the valence 
band, and a photon can then again generate another electron-hole pair (EHP).  
The band gap, unique to particular materials, determines what portion of the solar spectrum is 
absorbed. Photon energy above the band gap (Eg) can excite an electron, while lower energy will simply 
be transmitted through the material. For photons with significantly greater energy than Eg, the resulting 
excited electron will release excess energy thermally. Both thickness and band gap are optimized in a 
solar cell to maximize the total amount of photon energy absorbed (band gap CdTe is 1.49 [5], CdS is 
2.42 [6]). 
 
Figure 2.1: Band Diagram 
 
In order to create electron flow instead of contained recombination, a p-n junction must be 
present. Without an electric field, the net motion of excited electrons is 0. The p-n junction is where a 
material is doped heavily with either a p or n type material, defined by valence electrons. CdS and CdTe 
are complex however conceptually can be described with a silicon diagram  (Figure 2.2 and Figure 2.3).  
The p and n materials are then combined to form a junction.  An n-type material has significantly more 
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free electrons compared to holes because these materials have 5 valence electrons within in a 4p 
covalently bonded bulk (Figure 2.1).  A p-type material is the opposite; with only 3 valence electrons 
there are gaps (holes) available for electrons. This shifts the balance of holes and electrons in the lattice, 
normally equal in an undoped bulk material. 
 
Figure 2.2: CdTe [crystalline cubic] structure. 
 
Figure 2.3: CdS [hexagonal cubic] structure. 
The material bonds affect the energy levels the electrons can occupy and how they move about 
the crystal lattice. The band diagram from Figure 2.1 can be adjusted to show both the n and p type 
material. N-type material has more electrons available, so instead of requiring the entire Eg of the bulk 
material, there is a small amount of energy needed to excite electrons into the conduction band. The p-
type has holes available at a much lower energy level than the conduction band, so it also takes less Eph 
(photon energy) to move electrons to a mobile location. The curved edge is representative of the electric 
field imparted by the charge separation.  
 
Figure 2.4: P-N junction band gap diagram. 
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When the p and n type materials are brought together, diffusion of the electrons and holes occurs 
across the junction. A gap is left in the center devoid of mobile charge carriers, but ions from the donors 
and acceptors remain, creating an internal electric field (Figure 2.5). This electrostatic potential forces the 
charge carriers to move against the concentration gradient, giving an eventual force equilibrium position.  
The Fermi energy is the probability of electron and hole occupation, and represents the electrochemical 
potential of the material. 
  When illuminated, the materials generate electron hole pairs. Due to the electric field 
concentrated at the junction, the EHP’s are separated based on charge. Minority carriers (p-type = 
electrons, n-type =holes) flow to the opposite region (electrons from p to n,, holes from n to p) due to the 
charge separation.  
 
Figure 2.5: EHP generation in p-n junction. 
 
While the physics of photovoltaics is fairly complicated, solar cells can be explained simply as 
materials. In processing: 
1. N and P type materials are doped separately into a bulk material with 4 covalent bonds (for Si). 
The bulk is required so the different materials have the different electron numbers. 
2. Eg is the energy required to knock out an electron.  
a. Very large for the bulk because the electrons are stable 
b. Much lower for N and P types because the doping is unstable with electrons and holes 
(electron vacancy) within the bulk. For doped, Eg is the same, donor or acceptor atoms 
give the carriers. 
3. Create a junction by juxtaposing the n and p doped bulk materials together. The purpose of this is 
to generate a local electric field to control carrier direction. 
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4. Holes and free electrons diffuse naturally; when they do they leave a fixed + or – ion (this is what 
stays at the junction boundary). 
a. In the n-type: pulling an electron out leaves an empty available state (electron vacancy) 
b. In the p-type: acceptor gains an electron, the hole migrates to reduce entropy 
When illuminated (and Eph > Eg): 
1. An Electron-Hole Pair is created (this is for EACH semiconductor material depending on 
wavelength (ie Eph)). 
2. The majority carrier (p = +, n = -) is already on its side (i.e. for n type, electrons will fill the 
available state) 
3. The minority carrier migrates to the other side 
b. If the minority carrier doesn’t recombine on the way to the other side, it generates 
electron motion (electricity) 
2.2 Properties of Solar Cells 
There are three primary properties to determine the performance of a solar cell film that can be 
measured in a lab: band gap, minority free carriers, and carrier lifetime.  
2.2.1  Band Gap 
The band gap is the minimum energy required to excite an electron from the valence to 
conduction band (Eg = Ec – Ev). It can be determined with measurements of optical properties, particularly 
the absorption over available wavelengths. Absorption increases with photon energy after the band gap is 
reached, but is relatively low for areas in close proximity to the band gap due simply to probability of 
alternative energy losses. Absorption depth is the inverse of the absorption coefficient and represents the 
depth the light penetrates until its intensity has dropped by a factor of 1/e. The intensity of light is directly 
related to the absorption coefficient and depth within the film with equation 2.1:  
      (2.1) 
where I is light intensity at depth x in the film, I0 is incident light at the film surface, and α is the 
absorption coefficient. 
2.2.2  Carrier concentration 
Carrier concentration is the number or electrons or holes in the material and is also dependent on 
band gap, temperature, and doping. For materials with higher band gaps, it takes more energy to excite an 
electron to move (valence to conduction band). Therefore these materials have lower carrier 
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concentrations. Increased temperature can increase the carrier concentration value, but room temperature 
measurements are standard for consistent comparisons.  
2.2.3  Recombination 
Recombination refers to electrons that stabilize down to the valence from the conduction band, 
which removes a hole in the process. The main types of recombination are radiative, SRH (Shockley-
Read-Hall), and Auger. Auger recombination describes when, instead of the energy release of 
recombination in the form of a photon or heat, the energy is absorbed by an electron in the conduction 
band. This electron then thermalizes down into the conduction band edge. This can limit carrier lifetime 
but is less prevalent with increased doping. SRH recombination is simply due to defects in the film. For 
direct band gap materials (CdTe films), radiative recombination is dominant. In this form, when 
recombination occurs, the energy is released as a photon close to the bandgap. It is only weakly absorbed 
and is transmitted out of the film.  
Carrier lifetime is the average time a carrier can spend in an excited state before it recombines. 
Thickness of a film is limited by mobility and carrier lifetime (τ), and be calculated by: 
   
  
 
       (2.2)  
where Δn is the excess minority carriers, and R is recombination. 
2.2.4   Mobility 
Electron motion due to charge carrier excitation is controlled by its direction and the electric field 
(due to p-n junction). Mobility refers to the net carrier movement in the presence of an electric field. It 
relates to diffusivity coefficient with equation 2.3: 
    
  
 
          (2.3) 
where k is the Boltzmann constant, T is temperature, q is the electric charge. The carrier density directly 
relates to Jo and Voc, calculated in equations 2.4 and 2.5.  
2.2.5   Efficiency 
There are 3 major properties that characterize the performance (Ƞ) of a solar cell: short circuit 
current (Jsc), open circuit voltage (Voc), and fill factor (FF). The following equations describe in an ideal 
sense what impacts these properties.  
The Voc is calculated with J0 as  
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        (2.5) 
where k is the Boltzmann constant, T is temperature, Jph is the photon generated current. The Voc is critical 
as it is the maximum voltage the system can output, and is a measure of the amount of recombination in 
the system. The conversion efficiency, used as the total efficiency of solar cell films, is calculated with: 
    
         
    
           (2.6) 
where FF is the fill factor. The fill factor is a ratio of the maximum power over the Voc x Jsc. It describes 
the ratio of Pmax over the area under the IV curve (Figure 2.6) generated from the short circuit current (Jsc) 
and open circuit voltage (Voc). 
 
Figure 2.6: IV curve for solar cell. 
 
The irradiance value (Pin) is 1000 W/m
2
 when using the standard AM1.5 spectrum. The Air Mass 
1.5 value is standard practice for measurement and reflective of the average irradiance in North America, 
used because longitude, season, and time of day (corresponding to zenith angle) make irradiance variable. 
The total conversion efficiency then is a ratio of the generated maximum power and the incident power.  
Typical values for crystalline silicon are a Jsc of 35 mA/cm
2
, Voc up to 0.65 V, FF 0.75 - 0.80, conversion 
efficiency = 17 -18% [7].  
TCO films are primarily compared with conductivity, parameters of which can be measured with 
the Hall effect equipment available. Conductivity (σ) is the inverse of resistivity (R), and using the Drude 
model can be characterized by mobility x carrier density x carrier charge: 




    
  
                       (2.7) 




Film resistance can be directly measured and exemplifies the number of free carriers available. 
The cell resistance and power generation sections are drawn in Figure 2.7) as circuit diagram. 
 
Figure 2.7: Solar cell circuit schematic. 
 
Figure 2.8: CdTe solar cell. 
The p and n type have already been discussed, but there is another generation and resistance 
component, the TCO. While not specifically generating voltage alone, the TCO is an additional n-type 
material that works with the p-n junction to add to total voltage output.  The transparent conducting oxide 
(TCO) is a class of conductive and transparent materials. While frequently used in optoelectric devices 
like touch screens, the TCO is also used in thin film solar cells as a top conduction layer. This negates the 
use of a screen-printed front metal contact networks typical of silicon cells.  
In order to be effective, the TCO should have a high level of clarity so there is no shading of 
photon energy, and it should have a low resistance to reduce any losses in the circuit. Chemical and 
thermal durability are also critical properties for cell longevity. Although TCO resistivity (around 5 x 10
-
4
Ω·cm) is several orders of magnitude higher than metals (2 x 10
-8
 Ω·cm) [8] it is an improvement on 
reducing the light to the rest of the cell.  
2.3 Processing of TCO Films 
There are a variety of film deposition methods (CVD, PVD, ED, CSS) [9] used to apply a TCO to 
(most commonly) low Na glass or treated soda lime glass  [10]. The typical TCO, fluorine doped tin 
oxide (SnO2:F), is costly and often requires an additional buffer layer for CdTe films [11][10]. NREL 
research determined several advantages of Cd2SnO4 over the conventional SnO2: resistivies 2-6 times 
lower (1.5x 10
-4
 Ω), high mobility, high carrier concentration, and improved optical properties [12]. After 
depositing the TCO, the n-type CdS is deposited and a junction is made between the p-type CdTe with the 
metal backing.  Various anneals and surface treatments are used throughout to improve contacts and 
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increase crystallization. Due to the variance in processing options, the focus of this paper shall be the 
Cd2SnO4 TCO with deposition methods consistent with CSM and NREL lab research: 
1) Sputter amorphous cadmium tin oxide film onto a room temperature substrate 
2) Anneal film at high temperature in contact with a CdS film on a separate substrate 
The initial film is sputtered from a stoichiometric Cd2SnO4 ceramic target. The targets used at 
NREL and CSM are made by Materion (formerly Cerac) by hot-pressing pre-reacted Cd2SnO4 powder. 
The Cd2SnO4 powder is made by sintering a stoichiometric mixture of CdO and SnO2 powders and then 
milling the sintered product into a fine powder. The hot pressing is performed in a graphite crucible, 
which results in some oxygen being removed from the target. The pressed target is annealed in oxygen to 
return it to a fully oxidized state. X-ray diffraction shows that the as-delivered targets are polycrystalline 
rhombohedral Cd2SnO4 (Figure 2.9) [13]. 
 
Figure 2.9: XRD of the three doped targets. 
 
The initial film is sputtered using an RF magnetron sputter gun in a vacuum chamber. The sputter 
gas volume is 50% Ar + 50% O2 at 10 mtorr. The added oxygen is used to combat oxygen depletion in the 
target due to plasma interaction, and stabilize the sputter target surface composition. A pure argon 
atmosphere will cause the target surface to be reduced to a Cd-Sn alloy and cause the deposited film to be 
only partially oxidized. The sputter power is 100 W from a 13.56 MHz radio frequency power supply. A 
100 minute deposition under these conditions produces a 400 nm thick film on a room temperature 3”x3” 







10 20 30 40 50 60 70
Angle (2θ) 
XRD of doped targets 
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a uniform film thickness across the substrate. XRD of the as-deposited film shows it is amorphous, and 
XPS shows that it is a cadmium tin oxide composition. A CdS contact anneal performed on the cadmium 
tin oxide film to crystallize and add additional Cd ions to the lattice (doping). A borosilicate glass plate 
with a 200 nm thick CdS film on it is placed on top of the cadmium tin oxide film. The two films are 
annealed face-to-face in a nitrogen atmosphere in a tube furnace. The anneal consists of a 20 minute ramp 
to 400
o
C, a 30 minute dwell at 400
o
C, a 12 minute ramp to 600
o
C, a 60 minute dwell at 600
o
C, and a 3-4 
hour cool to room temperature. XRD of the annealed film shows it to be cubic polycrystalline Cd2SnO4. 
Typical films have high optical transmission and bulk resistivity around 2.5 x 10
-4
 Ω·cm. 
Annealing in nitrogen with no CdS plate also causes the film to crystallize and become 
conductive, but the crystals are smaller and the conductivity is not as high. CdS has a vapor pressure near 
3 mtorr at 600
o
C. Experimentation with adding elemental Cd or S to the tube furnace indicates that Cd is 
the active material in the CdS contact plate anneal. It appears that the Cd aids the film crystallization 
slightly and increases the free electron density in the film by a factor of 3-7. The Burstein shift effect 
results in increased Eg due to high doping. It has been investigated that the resulting O vacancies from 
post-deposition annealing increases carrier concentrations due to the Burstein shift effect [14]. 
CdS annealed films exhibit a hazy region around the perimeter shown by XPS as a Sn-depleted 
composition. Tin sulfide has a vapor pressure  approximately twice as high as CdS at 600
o
C, and may be 
reacting with S vapor from the CdS plate and sublimating, leaking out from between the edges of the 
plates. The haziness, caused by film roughness can be removed by etching the annealed film in a solution 
of 0.3 mL bromine in 50 mL methanol for 3 minutes. The etched film has a very clear, uniform 
appearance. 
2.4   Relevance of Project – Prior Work 
There are three major commercial TCOs: fluorine doped tin oxide (SnO2:F), aluminum doped zinc 
oxide (ZnO:Al), and indium tin oxide (ITO, 90% In2O3, 10% SnO2 by weight). Zinc oxide can be doped 
using other materials, but Al is cost effective. Zinc oxide is being used in some thin film amorphous Si (a-
Si) or Cu(In,Ga)Se2(CIGS) photovoltaic panels, but it is observed to have poor chemical and thermal 
stability. Encapsulation with very low water vapor transport rates is required to make durable 
photovoltaic panels. ITO is also used in some thin film a-Si or CIGS photovoltaic panels, but the indium 
content makes this option costly [15]. 
CdTe is the only commercially successful thin film photovoltaic technology to date [7]. The front 
layer in a CdTe solar cell is a TCO, generally SnO2:F. Tin oxide is used because it has extremely good 
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thermal and chemical durability, necessary for producing high efficiency CdTe solar cells. Its optical and 
electronic properties are also unaffected by water vapor exposure. 
The challenge with using SnO2:F in CdTe cells is that its optical transmission and electrical 
conduction are not as good as ZnO or ITO. This reduces the efficiency of the CdTe cells by reducing their 
photocurrent and fill factor. In the laboratory, this has been overcome by using a different transparent 
conducting oxide, Cd2SnO4. It can have extremely good optical and electronic properties, and also 
tolerates high temperatures well. However, the processing methods that are used to make high quality 
laboratory films are not amenable to large scale commercial production. 
The difficulties presented by lab processing are the post-deposition contact anneal and the 
postanneal etching. Neither process is particularly compatible with rapid processing on a large substrate. 
Ideally, we want to develop a process that makes high quality as-deposited Cd2SnO4 films with no need 
for a post-deposition anneal and thus no need for a post-anneal etch. Barring that, a process that uses a gas 
phase post-deposition anneal with no post-anneal etch could be acceptable. 
Various treatments in an attempt to overcome these challenges have been tested on Cd2SnO4 thin 
films. One method was ion implantation to modify the structural and optical properties with Ag 
9+
, which 
resulted in roughness increases so large the absorption and transmission collapsed [16]. A ZnSnOx buffer 
layer was investigated successfully by NREL to reduce the probability of forming localized TCO/CdTe 
junctions when the CdS film layer thickness is decreased. This is attributed to the ZTO’s high bandgap 
and resistivity matching to the CdS. It can also act as an etch-stop layer and reduces back layer shunting 
[12]. 
Many n-type dopants for SnO2 and Cd2SnO4 TCOs have been investigated by a number of groups 
for improvements to carrier mobility and conductivity. PbO doping in Cd2SnO4 with an anneal was found 







)[17].  In2O3 and SnO2 n-type dopants investigated using EELS (electron-
energy-loss-spectroscopy) into Cd2SnO4 demonstrate mechanisms of the electron carriers. Indium doping 
is compensated by In (III) onto Sn (IV) and Cd (II) sites compared to the less effective doping onto Sn or 
Sb sites, which only sponsors one carrier per dopant atom [18]. Indium and tantalum combined doping 
from metal powder deposition on Cd2SnO4 assist the oxygen vacancies and interstitial cadmium as 
electron donors. Other materials [In, Sn, Nb, Va, W, Mb] were seen to accumulate in secondary phases or 
along grain boundaries as electrically inactive [19].  
In 1975, Ta doping was tested using targets made by a settling technique in Cd2SnO4 (Ta 0.02% 
doping). It was found that with an anneal between 400-700
o
C in Ar or CdS film properties were improved 
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[19]. This confirmed tantalum as an n-type dopant, but progress moved towards the lab-standard CdS 
plate anneal instead due to the presence of secondary phases (CdSnO3 and CdO) generated from the 
older-technology targets’ uneven deposition rate. It was also determined that heated deposition, dependent 
on substrate crystallinity, could generate crystalized films (400-500
o
C for glass, 150
o
C for single crystal 
Si). The mechanism is thought to be CdO diffusion into Cd2SnO4 to form interstitial donors. Improved 
Hall mobility plotted as a function of electron concentration is shown in Figure 2.10. 
 
Figure 2.10: Cd2SnO4 and .02% Ta doping and anneal mobility [19]. 
 
While large conductivities can be achieved with high free-carrier concentrations and mobilities, 
the free carrier increase can add to absorption and recombination. The Ta doped film at 500
o
C substrate 




 carrier concentration. Higher concentrations due to increased doping 
could not be investigated because the solubility of Ta limits target preparation. 
The work done in 1978, which has not been investigated in a published manner since, 
recommends: 
“The economics would improve significantly if conditions were found for the 
formation of single-phase Cd2SnO4 films. If this were the case post-deposition heat 
treatment might be unnecessary and even more attractive transparent electrode 
properties could be expected as a result of potentially higher electron mobilities.” [20] 
2.5  Thesis Work 
Previous work was done many years ago demonstrating Ta as an n-type dopant in Cd2SnO4.  
Improved technology (hot pressed targets and enhanced sputtering knowledge) allows current research to 
enhance the level and stability of Ta doping. The 1975 study target was made by mixing component 
powder in a methanol suspension and settled. For this work, the Ta-doped targets Cd2SnO4 targets were 
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made by a more standard process.  The targets used from Materion were made in a similar manner to their 
undoped Cd2SnO4 targets, but tantalum oxide was added to the powder mixture before it was sintered. 
The amount of tantalum oxide added corresponds to 1%, 5%, and 10% Ta by weight. These targets held 
up well during deposition with minimal cracking, similar to undoped targets, with increased doping 
reducing the amount of cracking due to thermal an RF plasma forces.  
This research involves investigation of the doping at 0-10% with variation of chamber pressure, RF 
power, and substrate temperature. Additional post-deposition annealing of the films is also required in 
order to crystalize some of the films. The annealing parameters available for investigation include time, 
temperature, and whether a contact plate is used. Goals of the project reflect the characterization and 
investigation of a tantalum doped film performance. TCO film performance has been outlined as high 
optical transmission in NIR range, defined surface morphology for efficient light trapping and charge 
collection, good thermal and chemical stability, and low-cost growth process [21]. 
Questions of interest include whether a Cd2SnO4:Ta deposited at room temperature can be annealed 
without a CdS contact plate to make a high quality Cd2SnO4 film, whether annealing a doped film 
deposited at high temperature will improve it properties, and whether a CdS contact anneal will improve 
the properties of a doped film. Additional research of TCOs involve pulsed DC deposition, known to 
increase deposition rate while retaining film quality for similar TCO films. The RF plasma sputter process 
is modeled in Fluent with an added plasma model done in Comsol. The modeling is designed to predict 
deposition rates and can be used to optimize parameters. 
2.5.1    Measurements 
Typical characterization measurements to describe how the TCO will perform in photovoltaic cells 
include growth rate, surface roughness, crystalline structure, optical properties, electronic properties, and 
mechanical properties. 
Profilometer 
Film growth rate is characterized by masking the film, chemically etching the exposed region, 
and then using a Tencor P10 stylus surface profilometer to determine the film thickness. The stylus 
measures with continuous line scans taking differential height data at a set frequency.  The distance 
between data points is set by the combination of scan speed and sampling frequency. Measurements were 
taken at 300 μm scan at 50-100 µm/s and 100 Hz sampling with 5 mg force. The line length maximum 
depends on the z-axis variation. For general error, the step height repeatability is 0.001 µm maximum in 
the 13 µm range, and 0.005 µm maximum in the 300 µm range. Ra and Rt (the roughness variation 
maximum and average) is reflective of error of thickness measurements for a particular film. All films 
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were measured 2-5 times in various locations depending on precision of measurements to reduce errors 
due to uneven film deposition or etching irregularities. Thickness measurements are the largest 
contributor of error in electrical characterization as many of the values must be normalized (dividing by 
thickness) and is the least-repeatable due to the multiple steps involved. As this is an investigative project, 
error calculations or multiple trials for a single parameter set are not included. 
 
Figure 2.11: Profilometer photo. 
Hall Effect 
Hall effect is measured by a BioRAD semiconductor HL550PC Hall effect system at room 
temperature using 10 mm x 10 mm Van der Pauw samples with a 10 mA probe current. The Hall Effect 
equipment measures current over 4 probes with a varied electromagnetic field. A 1 cm
2
 square of the film 
is cut and indium contacts are soldered to the corners for improved conduction. The nodes are placed on 
the film’s contacts, shown in Figure 2.12. 
 
Figure 2.12: Hall Effect setup in chamber. 
The magnetic field is used to create an asymmetric charge density from the Lorentz force, where 
the magnetic field is not parallel to charge motion. The current consist of movement of charge carriers 
(electrons and holes). Hall coefficient is the ratio of induced electrical field over the current density: 
    
   
      
  
          
        (2.8) 
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where n is the electron concentration, p is the hole concentration, µ is mobility (electron or hole), and e is 
the absolute value of the electronic charge. The mobility [cm
2
/V-s] is calculated with an I-V curve. 
Electronic properties such as bulk resistivity, charge mobility, and free carrier concentration can 
be determined from Hall Effect measurements, done at room temperature. These are the primary electrical 
properties that will be compared for various films in this work. 
Spectrophotometer 
A spectrophotometer measures optical reflection, transmission, and absorption. Reflection and 
transmission are measured directly, and from these properties, absorption is calculated. If the film 
thickness is known, the absorption can be used to calculate a bulk absorption coefficient for the film as a 
function of light wavelength. The Cary 5G UV-Vis-NIR Spectrophotometer is used to measure 200-2000 
nm of light. A reflective sphere measured diffuse light while transmission was taken with a flat plate 
sample holder. Samples were normalized to blank substrates. Error is related to wavelength, between UV-
visible light and NIR (~1100-2500 nm), and is outlined in Table 2.1[22].  
Table 2.1: Spectrophotometer relevant error. 
 UV- VIS NIR 
Limiting Resolution < 0.05 nm < 0.2 nm 
Wavelength Reproducibility < 0.025 nm < 0.1 nm 
Std Dev[10 measurements] < 0.005 nm < 0.02 nm 
Accuracy ± 0.1 nm ± 0.4 nm 
X-Ray Diffraction 
 XRD was carried out using a Siemens Krystalloflex 810 x-ray diffraction apparatus using a Cu Kα 
(27-40GHz frequency band) x-ray source at room temperature. The diffractograms were collected over a 
2θ range of 10-70o, a step size of 0.05o, and an effective scanning rate of 0.0167o/s. The rays penetrate 
both the film and substrate due to thickness, so the peak profile of the glass substrate was also measured. 
XRD data can be used to describe crystallinity of films, frequently illustrating why certain electrical 





CHAPTER 3: STUDIES 
“The current activity on oxide film research is aimed at achieving new combinations of functionalities 
of metal oxide thin films grown by magnetron sputtering, and reaching physical limits of the performance 
of these materials. The present research is also covering the investigation of transition metal oxides 
growth processes in order to control the properties through changes in morphology and structure” [21]. 
There are six studies comprising this work: mechanical properties of annealed films, cooling plate design, 
Ta doping of Cd2SnO4, Pulsed DC sputter deposition, and sputter deposition modeled with aspects from 
Fluent and COMSOL. All the studies aim to enhance the understanding of TCOs for an improvement in 
efficiency and a decrease in overall manufacturing cost. 
3.1  Mechanical Properties of Annealed Films 
There has been recent interest in the solar community and by DOE in flexible thin film solar cells 
[23][24]. In the case of CdTe and other thin film cells, it is critical to consider ramifications of replacing 
thicker glass substrates with softer, pliable materials. One major factor is the mechanical properties of the 
TCO layer. The TCO, in this case Cd2SnO4, is a transparent conductor with relatively low resistivity (less 
than 5x10
-4
 Ω·cm). Cd2SnO4 is used as the glass|n-type interface in rigid CdTe solar cells.  
3.1.1   Introduction 
It has been reported that minor bending or point loading damages amorphous silicon thin film 
flexible cells, reducing short circuit current, open circuit voltage, and fill factor [25]. CdTe films 
deposited on flexible foils or polymer substrates has achieved a maximum 11.3% efficiency [26]. The 
research discusses deposition methods and interface physics such as ohmic contacts, however mechanical 
properties of the interfaces have not been investigated. It is known that the probability of film 
delamination from flexible substrates is increased by mismatched Young’s moduli and Poisson's ratio. 
This work strives to offer insight with property characterization for Cd2SnO4 for solar cell design or other 
applications with similar design criteria. A study of Cr2O3 thin films found that annealing in different 
oxygen concentrations can increase its hardness from 2.5 to 32 GPa [27], [28]. This work examines the 
relative effects of nitrogen and oxygen annealing atmospheres on Cd2SnO4 film properties.  
3.1.2   Film Preparation 
Colorado School of Mines lab standard practice to create Cd2SnO4 TCOs involves three stages: 
Cd2SnO4 film growth, CdS film growth, and a face-to-face anneal of the two films together.  
Cd2SnO4 thin films were grown on Corning ® Eagle 2000
TM
 borosilicate glass 37 x 37 x 1.1 mm 
thick. After the substrates were cut to 37 mm squares, they were cleaned by scrubbing both sides with 
18 
 
Micro-90 detergent and rinsing with deionized water. The rinsed substrates were blown dry with 
compressed nitrogen. The dried substrates were treated in a UV-Ozone cleaner for 30 minutes prior to 
being loaded into the deposition chamber. Four substrates were loaded onto a single substrate holder for 
the deposition. 
 Films were sputtered onto the substrates from a 50.8 mm diameter 6.35 mm thick stoichiometric 
5N pure Cd2SnO4 target manufactured by CERAC [ SS-973-2x1/4"]. The substrate-target standoff 
distance is approximately 15 cm and the substrate is rotated to enhance film uniformity. The steady state 
deposition conditions are listed in Table 3.1. The RF power was started at 30 W, ramped to 100 W in 1 
minute long 10 W steps, held at 100 W for 100 minutes, and ramped down to 30 W in 1 minute long 10 
W steps. The resulting films are smooth, 400 nm thick, highly resistive, transparent, pale yellow, 
amorphous cadmium tin oxide.  
Table 3.1: Cd2SnO4 film deposition parameters. 
Parameter Value 
Ar flow 10 sccm 
O2 flow 10 sccm 
Chamber pressure 10 mtorr 
RF power (forward) 100 W 
RF power (reflected) 0 W 
Substrate temperature 30ºC 
The CdS Eagle 2000 annealing plates were cleaned as described for the Cd2SnO4 substrates and 
loaded into a vacuum chamber. The chamber was evacuated to 3 x 10
-6
 torr, the substrate holder was 
heated to 150
o
C, and the substrates were coated with 150 nm of CdS at 0.3-0.5 nm/s by thermal 
evaporation from 4N pure CdS shards in a quartz crucible. The resulting films are smooth, transparent, 
bright yellow, polycrystalline CdS.  
The cadmium tin oxide coated substrates were annealed face-to-face against the CdS substrates in 
a quartz tube furnace containing a nitrogen atmosphere. The annealing sequence consisted of a 25 minute 
ramp from room temperature to 400
o
C, a 30 minute dwell at 400
o
C, a 15 minute ramp to 600
o
C, a 60 
minute dwell at 600
o
C, and a 3 hour cool to near 100
o
C (Figure 3.1). The resulting films are 
stoichiometric Cd2SnO4 with a cubic x-ray diffraction pattern. They are transparent in the center of the 
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substrate but tend to be hazy near the edges. Profilometer measurements show that the center of the film 
is as smooth as the as-deposited film, but the edges are significantly rougher. XPS measurements show 
that the roughened region has a Sn-poor composition, which may be due to volatile tin sulfides leaking 
from between the plates during the CdS surface plate anneal. The annealed film can be smoothed by 
etching for 2 minutes in a solution of 0.3 mL bromine in 150 mL methanol followed by a rinse in 200 mL 
of clean methanol.  
 
Figure 3.1: Anneal temperature profile. 
 
Two of the Cd2SnO4 films prepared by this process were annealed a second time without a CdS 
plate in an atmosphere of either nitrogen or oxygen. The temperature profile of these secondary anneals 
was the same as for the initial anneal with the CdS contact plate. It was hypothesized that the film 
annealed in oxygen may display a change in mechanical properties as previously reported for chromium 
oxide films [25]. The N2-annealed film served as a control to determine whether any changes observed in 
the O2-annealed film were due to the oxygen ambient or the extra thermal processing. The properties of 
the three films (standard film, N2-annealed film, and O2-annealed film) were measured and compared.  
3.1.3   Film Characterization 
X-ray Diffraction 
X-ray diffraction measurements were made to determine the films' crystal structure. The 
measurements were made in a Siemens Krystalloflex 810 x-ray diffraction apparatus using a Cu Kα x-ray 
source. Figure 3.2 shows the x-ray diffraction patterns for the N2-annealed and O2-annealed films. Their 
peak locations agree well with the powder pattern for cubic crystalline Cd2SnO4 [29]. This indicates that 
a) the films are single-phase cubic Cd2SnO4, and b) the oxygen anneal did not cause any bulk chemical or 





Figure 3.2: X-ray diffraction patters for the N2-annealed and O2-annealed films. 
Hall Effect 
Table 3.2 compares the electronic properties of 0.3 µm thick standard, N2-annealed, and O2-
annealed films as determined from Hall effect measurements.  
Table 3.2:  Electronic properties determined from Hall Effect measurements. 
Parameter Standard process N2-annealed O2-annealed 
Sheet resistance (Ω/sq) 19.8 24.6 156 
Hall Coeff. (m
2
/C) -.0596 -0.0761 -0.219 
Mobility (cm
2
/V-s) 30 31 14 
Carrier type n n n 
Carrier conc. [1/cm
2
] 10e+15 8.2e+15 2.8e+15 
 
The Hall effect results show that the oxygen anneal dramatically increased the film's sheet 
resistance. The increase can be attributed to both a reduction in carrier mobility and a reduction in carrier 
concentration. Oxygen vacancies have been postulated as a doping mechanism in Cd2SnO4 films. 
Annealing in oxygen could remove oxygen vacancies, reducing carrier concentration. The films showed 
no significant change in x-ray diffraction pattern, so the reduction in carrier mobility in the O2-annealed 
film cannot be attributed to major recrystallization. A plausible explanation is that the oxygen anneal 
increased the charge transport barrier at the grain boundaries, reducing the low-frequency charge carrier 
mobility that is measured by Hall effect.  
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Optical Transmission and Reflection 
The optical transmission and reflection of the films was measured with a Cary 5G 
spectrophotometer. Transmission was measured using the standard flat plate sample holder and reflection 
was measured using the diffuse reflectance accessory. Both measurements are normalized to a bare 
substrate.  
 
Figure 3.3: Transmission through film. 
 
Figure 3.3 shows the transmission through the film for wavelengths ranging from 300 nm to 2000 
nm. The oscillations occurring from approximately 400 nm to 1000 nm are due to constructive and 
destructive interference in the film. There are two notable features in this plot. First, the transmission for 
all of the films shows a rapid drop to zero as the wavelength decreases from 400 nm to 300 nm. This 
indicates a Cd2SnO4 band gap in that range. Second, the transmission through the standard film drops 
significantly compared to the N2 and O2 annealed films for wavelengths longer than 1400 nm. This is 
likely due to infrared absorption by free carriers in the film, which is consistent with the Hall effect 
measurements indicating that the standard film has a higher free carrier concentration than either the N2 or 



























Figure 3.4: Reflectance of the films. 
 
Figure 3.4 shows the reflectance of the films from 300 nm to 2000 nm. The reflectance also 
exhibits oscillations in the 400 nm – 1000 nm range due to constructive and destructive interference, 
which is commonly observed in smooth thin films. It is notable that the standard film shows a slightly 




 as a function of photon energy with linear regression lines. 
 
The absorption coefficient α for the three films was calculated over the range 300 nm – 425 nm 
using the measured transmission and reflection data and the measured film thicknesses. Figure 3.5 shows 
a plot of α
2
 as a function of photon energy (eV) and an extrapolation of its linear section to α
2
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 holds for this material (where A 
is a constant, Eph is the photon energy, and Eg is the band gap energy), the x-intercepts show the band gap 
for each film, seen in Table 3.3. 
Table 3.3: Band Gap calculated 




3.1.4   Nanoindention 
A Hysitron TI 950 triboindenter nanoindenter was used with a cube corner tip and 2-axis scratch 
transducer to examine the mechanical properties of the films. Figure 3. is a schematic of the tip loading 
and zones experienced in the film. A 5 micron section was measured with 50 indentations. Each 
indentation was displacement controlled, loading to a depth of 40 nm in a 1 second period and then 
unloading in a 1 second period.  Primary instrument errors for this equipment are caused by vibrational 
noise, thermal variations, and the rigidity of the sample. Because these films are not viscoelastic, taking 
measurements over short time steps (<1 second) will reduce noticeable drift. Fully equilibrating the 
sample to 20
o
C adds to the robustness of the data [30]. 
 





Figure 3.7: Loading curves for 10 probe sites, typ. 
 
Figure 3.7 shows 10 loading curves from the nanoindenter test, where an applied force is 
correlated to a displacement for each node measured. The slope [dP/dh] of the unloading portion 
corresponds to the stiffness (resistance to deformation). The annotations denote ho (effective indentation 
depth), hc (contact depth), and he (maximum indentation depth). The elastic deformation depth 
(deformation above the contact area), hs, can be calculated by subtracting he and hc, (Figure 3.6). 
The slope [dP/dh] of the unloading portion corresponds to the stiffness (resistance to 
deformation). The annotations denote ho (effective indentation depth), hc (contact depth), and he 
(maximum indentation depth). The elastic deformation depth (deformation above the contact area), hs, can 
be calculated by subtracting he and hc, (Figure 3.). 
Hardness (H) is a measure of deformation resistance and can be calculated as a function of 
pressure (P(depth)) and indentation area (Ar):  
      (3.1) 
Note hardness is a continuous function with a direct relationship to penetration depth and 
corresponding loading, as seen in Error! Reference source not found.. The data does not show a spike 
in the hardness near the surface, indicating there are no significant effects from surface roughness [31].  
Error! Reference source not found. demonstrates the difference in hardness for each node for the N2 
and O2 anneals. The average hardness for the N2-annealed film is 6.75 GPa. The average hardness for the 






particularly to the O2 annealed hardness, which may be due to substrate interference (borosilicate glass 
properties: hardness - 5.7 GPa [32], Young’s modulus - 64 GPa [33]). The larger scatter in the data near 
the surface may be due to film composition variations near the surface, or the indent may have been on a 
grain boundary [34]. Overall, the measurements indicate a uniform film.  
 
Figure 3.8: Hardness comparison for each node. 
 
The Reduced Young’s modulus (Er) is a measure between the compressed length in the elastic 
region to the original length of test piece. The indentation modulus can be different than Young’s 
modulus , particularly for anisotropic materials, because it is the weighted average of elastic properties in 
a sample volume and the Young’s modulus is directional [35]. Er can be calculated by: 
       (3.2) 
Where β is a constant related to the test, S is stiffness [µN/nm], Ap is indentation area [nm
2
], and 
hC is critical depth [nm]. 
Error! Reference source not found. shows the reduced elastic modulus for each node for the 
N2-annealed and O2- annealed films. It is to be noted that for either case there is no consistent pop-in 
effect or plastic deformation yield point [36]. There is a slight sloping due predominately to substrate 
effects, but is not severe enough to skew resulting modulus values. The average modulus for the N2-
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annealed film is 91.9 GPa. The average modulus for the O2-annealed films is 105.93 GPa, which is 15.3% 
larger than that of the N2-annealed film.  
 
Figure 3.9: Elastic modulus vs critical depth for O2 and N2 films. 
 
The elastic modulus (Es), the ratio of stress to strain, is determined by [10]: 
       (3.3) 
where, Ei and vi for a diamond indenter are 1141 GPa and 0.07 respectively. 
Poisson’s ratio can be estimated between 0.27 and 0.3 based on similar thin films [37], [38]. 
Given this approximation, Es is between 91 and 93 GPa. For frame of reference, it was found in other 
works that at the aluminum back contact of crystalline silicon solar cells, there is a eutectic Al-Si alloy 
with an Es of 72 GPa average at 1.5 mN, but the back contact overall (bulk Al and eutectic layer) was 43 
GPa [31]. Table 3.4 summarizes results regarding mechanical properties. 
Table 3.4: Nanoindenter results summary. 
Property Maximum Average Standard Deviation Units 
Hardness N2 8.49 6.75 0.695 GPa 
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Table 3.4 continued 






Reduced Youngs Modulus N2 106 91.9 6.05 GPa 
Reduced Youngs Modulus O2 125.09 105.93 7.36 GPa 
Property Maximum Average Standard Deviation Units 










Strain Rate Sensitivity N2 
 
1.51 0.23 - 
Strain Rate Sensitivity O2 
 
1.52 0.23 - 
3.1.5   Conclusions 
For use in a flexible device, the transparent conducting oxide must have a similar elastic modulus to 
the other components, a case-specific design problem. When a TCO is used as a wear coating, its 
hardness is the most important factor. However, with previous goals oriented to optimal electrical 
properties, the TCO has been refined to have a structured lattice that allows for the ease of electron 
motion, and uniform doping with few impurities that can strengthen the material. Internal stresses build 
due to deposition, which also contribute to hardness, but are relaxed during annealing.  
In order to enhance the viability of Cd2SnO4 thin films produced by the given procedure as a top coat, 
additional atoms added to the lattice may improve hardness. It has been shown that the addition of oxygen 
into the lattice can harden the structure by 34.5%, and increase the elastic modulus by 15.3%. However 
the tradeoff for hardness is a decline in electrical properties. The elastic modulus for a film annealed in 
nitrogen ~92 GPa, oxygen ~107 GPa; average hardness for nitrogen 6.9 GPa, oxygen 9.10 GPa. To give a 
comparison: fuzed silica SiO2(E = 69 GPa, h = 9.1 GPa), Si single crystal (E = 135 GPa, h = 12.5 GPa), 
[39], SiC (h = 9.22 GPa) [40], ITO  (E = 99 GPa, h = 6.5), IZO (E = 141 GPa, h =10.6) [41]. 
 
3.2  Cooling Plate Design and Build 
The Varian sputtering chamber in the CdTe lab is used to deposit Cd2SnO4 onto glass substrates using 
RF plasma sputtering. An RF power supply adds an alternating current to magnet setup behind the target. 
The generated magnetic field is used to control the active gas ions in the plasma. Chilled water circulates 
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in a copper chamber to cool the magnets and target. A heating coil < 7” (178 mm) from the target can 
generate heat in the concentric substrate up to 550
o
C. However, with existing cooling systems 
temperatures greater than 300
o
C can damage the sputter gun. Due to the temperature limitations of the 
existing sputtering chamber, an additional cooling plate was designed to sit inside the vacuum chamber 
with adjustable 0-30 gph chilled water feed.  
Solidworks pressure and heat transfer simulations were completed in the design phase. The design 
parameters were to optimize cooling and as a heat shield against radiative heat, as well as budgetary 
limitations and ability for future equipment expansion. Figure 3.11 and Figure 3.12 are photos of the 
Varian sputtering device and inside the chamber. There is currently only one RF magnetron sputtering 
head but the system is set up for two, so a cutout was included in the design to allow for future expansion. 
Cooling water runs through the aluminum plate, machined using CNC, and a top plate of the same 
dimensions was hand welded around the edge.  Figure 3.13 shows a cutaway of the water path. The 
system assembly is seen in Figure 3.14. 
 




Figure 3.11: Inside deposition chamber photo. 
 
Figure 3.12: Solidworks model inside of 
chamber. 
 
Figure 3.13: Solidworks model of cooling plate. 
 
 
Figure 3.14: Model of cooling plate inside 
chamber. 
This improvement to the sputtering machine allows for deposition on substrates heated to 550
o
C 
with protection to the RF sputtering guns and target stability. Aluminum was chosen with ½” diameter 
Swagelok fittings to insure there is no chemical reactivity with the deposition process. While thicker or 
stiffer metal was desired, budgetary limitations necessitated the use of bolts welded to the top plate to 




Figure 3.15: Cutout dimensions on plate, inches. 
 
The channels are ½” wide as well as the inlet and outlet fittings to eliminate pressure drops to the 
system. The inlet flow is spliced from an existing cooling water channel with a reinforced vinyl water 
hose. The outlet of the chilled water plate runs directly to the chamber cooling panels, visible in Figure 3.. 
To combine the top and bottom CNC plates, TIG welding on all edges was done. Originally pins were 
used, welded top and bottom, to withstand outward pressure of the water in the chamber at 50 gph (1.6% 
max installed water flow). It was found that the welding did not hold as anticipated, perhaps due to the Al 
rod pins having built up an oxide layer, reducing the effectiveness of the weld. The projected water 
pressure may also have been significantly higher than anticipated, as the piece was tested on an 
unconstrained direct loop to the chiller rather than on the needle valve controller to the chamber. Instead 
of pins, bolts were used with weld caps to add both strength and water-tight seals, seen in Figure 3.16.  
 
Figure 3.16: Finished plate [without legs attached]. 
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Four legs are done with 4” long, ½” diameter tapped aluminum rod. These can be exchanged out 
easily if target angles or geometry are varied in the future. The utilization of this cooling plate allowed for 
the Ta doping study and PDC study with depositions at 550
o
C for up to four hours hot (2 hr deposition, 1-
2 hour warming and thermal stabilization), with no negative damage to the system or its components. 
 
3.3  Tantalum Doping Study [T1-4] 
Cd2SnO4 is a desirable TCO because of its low resistance and high transparency. Standard Cd2SnO4 
processing involves a high temperature post-deposition contact anneal and a post anneal etch in order to 
adequately dope the material as n-type while maintaining favorable optical and electrical properties. 
However, this contact annealing is not practical for large-scale manufacturing. 
3.3.1   Background 
The goal of this study is to eliminate the need for a post anneal and, in doing so, take a limited lab-
scale high quality film to a large scale processing level. Ideally, we want to develop a process that makes 
high quality as-deposited Cd2SnO4 films with no need for a post-deposition anneal and thus no need for a 
post-anneal etch. 
In addition to growing conductive crystalline as-deposited films, they also must have high n-type 
doping. Cd2SnO4 as a TCO has very little research in Ta doping, attributed to its limitations in 
commercial use. One study done with outdated technology identified Tantalum as an n-type dopant. It 
was seen that the n-type doping increased as the Ta doping increased. Tantalum has the right number of 
valence electrons to be a donor if it substitutes onto Cd or Sn sites (group V). It also is the right size to fit 
onto either of those sites.  
For this work, we want to examine Ta-doped Cd2SnO4 targets of increasing doping levels [1%, 5%, 
and 10% by Ta mass percent] made by a standard hot-press then sintering process. This study investigates 
the film’s quality as a TCO with temperature [20, 300, 400, 500, 550
o
C], doping levels [0, 1, 5, 10%], and 
post anneals [standard, high temp, with CdS] compared to a baseline standard target. The goal is to 
determine whether a Cd2SnO4:Ta film deposited at room temperature can be annealed without a CdS 
contact plate to make a high quality Cd2SnO4 film, if annealing a doped film deposited at high 
temperature will improve it properties, and if a CdS contact anneal will improve the properties of a doped 
film. Also if a high temperature deposition can make a good as-deposited film. 
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3.3.2   Target Information 
Targets are manufactured by Materion Advanced Chemicals [formally CERAC] and are made by hot-
pressing pre-reacted Cd2SnO4 powder. The Cd2SnO4 powder is made by sintering a stoichiometric 
mixture of CdO and SnO2 powders and then milling the sintered product into a fine powder. The hot 
pressing is performed in a graphite crucible, which results in some oxygen being removed from the target 
with added Ta oxide. The pressed target is annealed in oxygen to return it to a fully oxidized state.  
Targets are labeled T1-T4 as seen in Table 3.5, and will be referenced as such in the rest of this study.  
 
Figure 3.17: Ta target in chamber. 
Table 3.5: Tantalum doped targets. 
 
Target Ta doping [Mass %] Ta doping [Weight %] 
T1 0% 0% 
T2 1% 1.22% 
T3 5% 6.04% 
T4 10% 11.95% 
The theory behind varying doping percentage is to increase the available electrons for excitation; 
however minority carriers decrease as doping increases. There is an optimal doping level beyond which 
overdoping decreases film efficiency. This study will determine if Ta is a viable dopant at levels above 
1% and, at what percentage does overdoping start to hinder film properties. 
3.3.3   Deposition Overview 
Standard Cd2SnO4 film deposition procedures were used in all films, unless otherwise specified. 
This method involves first cleaning glass substrates using Micro 90, then an immediate 30 minute ozone 
clean. Films were deposited on 37 mm Eagle 2000 borosilicate glass to avoid Na diffusion influence seen 
in the commercially standard soda-lime glass. A 13.56 MHz RF source with matching network to power 
an AJA magnetron sputter gun [model ST-20, serial # ST20-0461] generated the sustained plasma. The 
chamber was maintained at 10 mtorr with 10 sccm O2 and 10 sccm Ar at approximately room temperature 
(20-30
o
C). The substrate holder turned at 20 rpm to promote film uniformity. 400 nm films were 
generated over 100 mins at 100 W RF power (0 reflected power).  
To make conductive n-type films with Cd2SnO4, an additional CdS face-to-face anneal is required 
at 600
o





The Eagle 2000 glass substrate (75 mm square) was heated and equilibrated at 150
o
C. Deposition 
occurred between 0.3 and 0.5 nm/s until 200 nm thickness was achieved.  
The anneal was done in a nitrogen-purged tube furnace on a quartz tray. The CdS films were laid 
face down touching the Cd2SnO4 film surfaces. For a standard anneal (referenced as ‘standard’ in tables), 
a preliminary ramp to 400
o
C then 30 minute dwell prefaced the 600
o
C 60 minute anneal to avoid issues 
with thermal expansion and maintain the entire films equilibrium. It has been found that simply annealing 
in nitrogen also causes the film to crystallize and become conductive, but the XRD peaks are not as large 
and the conductivity is not as high as with the CdS cover plate.  Additional high temperature anneals to 
800
o
C [‘fast’ and ‘slow’ in tables] were done in an attempt to attain crystallinity for T3 and T4. These 
temperature profiles as well as the standard anneal are shown in Figure 3.18. 
 
Figure 3.18: Temperature profiles for post-deposition anneal. 
 
A post etch using bromine is typically done on CdS annealed films to improve optical 
transmission and electrical contacts by removing the hazy top sulfide coating. After 3 minutes in a 
solution of 0.3 mL bromine in 50 mL methanol, the films typically increase in transparency and 
conductivity. It was found that in doped targets, the etch was preferential to grain boundaries influenced 
by the Ta. The resulting films were significantly worsened, so only the undoped films were etched for this 
study.   
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3.3.4   Depostition Rate 
Film deposition rate is critical in the commercial applications, directly related to production cost 
and supply limitations. The deposition rates are shown for films deposited on glass substrates in Figure 
3.19 (data listed in PDC section 3.4.4   Deposition Rate). 
 
Figure 3.19: Deposition films at various doping temperatures. 
 
It is seen that the undoped films typically have a higher deposition rate compared to doped films. 
This may be a side effect of the size of the tantalum ions inhibiting the Ar
+
 interaction in the plasma 
particle stream. Another consideration is if the plasma preferentially removed ions until Ta became the 
primary surficial interface. With increased temperature, the deposition rate decreases but increases again 
at temperatures of 550
o
C. The decrease is explained with density variations inhibiting effective plasma 
interaction and the significance of a ‘sticking factor’ is currently unknown.  
It is noted that high pressure has a much lower deposition rate compared to the standard 
deposition pressure of 10 mtorr. Higher pressures were required at higher temperatures to maintain the 
plasma. As the heat is non-uniform across the plasma arc, more gas atoms (Ar) are required to generate 
and sustain the arc when density variation is prevalent. On the other hand, a low pressure gives a high 
deposition rate due to the charged ions within the plasma having a larger mean free path with less atoms 
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High P [17-20 mtorr] 
Low P [8 mtorr] 
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experimentally chosen as a standard practice to produce highly conductive films. The plasma interaction 
with deposition is described in detail in the Comsol modeling.  
3.3.5   Electrical Properties 
The TCO acts as a front contact to complete the solar cell circuit, so high conductivity is critical. 
The mobility and carrier concentration describe the photoelectric performance of the film as an n-type 
material as well as directly correlate to resistivity. Measurements for resistance with a multimeter [BK 
Test Bench 391] were done to get general values, but the Hall Effect Measurement System was used for 
more accurate data collection. The Hall effect operates similar to a wheatstone bridge but uses magnetic 
fields to obtain electron mobility and concentration of carriers as well as resistance. For thin films, sheet 
resistance is related to bulk resistance by the formula: 
Rbulk[Ω-cm] = Rsheet [Ω/sq] * thickness [cm]     (3.4) 
Because the films have slightly variant thicknesses, the bulk resistivity is critical for direct 
comparison. Another normalized value is the carrier density, calculated by carrier sheet concentration 
divided by the thickness.  
It is clear that thickness plays a critical role in the propagation of error for electrical property 
calculations. The thickness is determined for each film using a Tencor P-10 Surface Profilometer. The 
deposited films were etched using a baked photoresist painted on half the film and high concentration HCl 
bath. The photoresist was then removed using ammonia and the film step was measured. The error 
associated with the profilometer is minimal, only a few angstroms. However the error introduced by film 
roughness or discontinuity is notable. The Ra and Rt, or average roughness and maximum [total] 
roughness are shown in the appendix. These values are indicative of errors in thickness and have been 
averaged over 2-5 measurements on varying locations on the film.  
There is another significant source of error associated with the higher doped films (T3 and T4). 
Etching with the standard HCl, or HNO3 was not effective. Either the film etched poorly, in that the 
photoresist was also partially removed, the etch did nothing, or a clean edge was not created. For striated 
edges, a significantly larger measurement interval was used to capture as much of the film step as 
possible. Solutions to this problem were rather unsuccessful. Research shows that similar thin films etch 
at rates in excess of 2 μm/min in solutions of HF/H2O (1:20), HCl/H2O (4:1), HCl/H2O (1:2), 
H3PO4/HCl/CH3COOH (1:1:1), and citric acid/H2O2 (20:1) [42]. Experimentally it was determined that 
fresh aqua regia [1:3 HNO3 to HCl] was somewhat effective, but for higher doping levels was still 
insufficient. Other chemistries were examined such as HCl, HNO3, and HF however the photoresist 
cannot withstand the time length required to remove the Ta doped layers. Considering the results, it is 
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determined that these solutions are acceptable because T2 was still well-etched with the aqua regia, 
however it is to be noted that more error is introduced to the T3 and T4 calculations.  
The tables below incorporate most of the electrical measurements, but trends are easier to view in 
the figures that follow. The notation ‘CdS’ reflects a cadmium sulfide plate added as a face-to-face 
anneal. All other anneals are done without the plate. 
Table 3.6: 0% doping electrical properties 
 






Table 3.8: 5% doping electrical properties 
 






Figure 3.20: Bulk resistance for deposition temperatures of T1-4 and post-annealed (no CdS). 
 
It is seen in Figure 3.20 that higher doping levels have a significantly higher resistance. The low 
conductivity can be attributed to the amorphous structure. A more detailed version is shown in Figure 
3.21. 
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For T1 (0% Ta), a peak is seen around 300-400
o
C. For this film, optimal deposition is at room 
temperature. For T1 anneal, there was a significant improvement as initial deposition temperature 
increased. For T2, unannealed films decreased in resistance as deposition temperature increases, however 
without annealing the values are not low enough to be feasible TCOs. With the added anneal, a clear shift 
in the crystalline structure towards a conductive film is seen from Ta2 in the bulk to a greater number of 
small Cd2SnO4 crystals. T3 and T4 are effectively not conductive, but with anneals T3 was able to 
become conductive, at least for the room temperature deposition. However this was still worse than the 
T2 that was annealed. Further investigation into the level of n-type doping will indicate if the tantalum is 
improving the films. 
 
Figure 3.22: Bulk resistance for deposition temperatures of T1-4 with CdS post-anneal. 
 
For the CdS standard anneal, the bulk resistance is plotted in Figure 3.22. It is seen that for T1, 
the resistance is half the resistance of a T1 anneal without CdS [from Figure 3.21]. While T2 is not as 
significant an improvement at higher deposition temperatures, the trend of decreasing resistance with 
temperature for non-CdS anneals has inverted for the doped films. T3 has a lower conductivity with a 
CdS anneal, which may be due to a simple abnormality or an inconsistent CdS plate. T4 however is 
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dropped resistance by several orders of magnitude. However the difficult processing required limits CdS 
plate anneals on the TCO to small, lab-scale films.  
 
Figure 3.23: Normalized carrier density of T1-4 and post-annealed (no CdS). 
 
Figure 3.23 shows that carrier density has an increasing trend at higher deposition temperatures, 
particularly at 400
o
C. The best carrier density is exhibited by the 0% doping deposited at 550
o
C with 
additional anneal.  T3 + A has an extremely low carrier density while T4 at room temperature a very high 
carrier density. This may be attributed to the interaction of the tantalum with the lattice. Increased doping 
does not directly correlate to an increase in carrier density, but an overdoped level is not clear and may 
exist lower than 1% Ta.  
It is known that the number of minority carriers declines as doping level. This can be 
characterized in the following equation: 
       (3.5) 
where n0 is the electron carrier concentration, p0 is the hole carrier concentration, and ni is the intrinsic 
carrier concentration.  As doping increases above 1% (T2), the hole density declines as more of the holes 
are taken up by electrons (n0), known as degenerate doping. Degenerate doping places the Fermi level 
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Figure 3.24: Mobility for deposition temperatures of T1-4 and post-annealed (no CdS). 
 
Mobility refers to the net carrier movement in the presence of an electric field and is directly 
related to carrier density.  Higher mobility reflects how easily electrons and holes can move. Comparing 
to Figure 3.23, the trend lines are inverted. The maximum for T1 is still at 550
o
C, while T2 annealed 
decreases slightly with increasing temperature. One component to mobility that is directly affected by 
crystallography is the carrier lifetime, significantly impacted by lattice and impurity scattering. 
While the intent of doping was to eliminate the need for post annealing, the 550
o
C limitations of 





C were done to determine if temperatures above 600
o
C resulted in a uniform and 





severe cracking due to CTE (coefficient of thermal expansion) mismatch. The film expanded significantly 
less than the glass, causing upwards bending and stress fracturing. These cracks were too small to 
measure current; Figure 3.25  through Figure 3.27 are the film surfaces seen in the profilometer. The 
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Figure 3.25: T1 A- 550
0
C for 30 and 850
0
C for 60 
mins 
 
Figure 3.26:T3 A- 550
0
C for 30 and 850
0
C for 60 
mins 
 
Figure 3.27: T2 A- 550
0
C for 30 and 850
0
C for 60 mins 
Alternative substrates were investigated to determine conductivity without cracking issues, 
discussed in the sections on 3.3.8   Silicon wafer and 3.3.9   Quartz substrate. Note that these issues 
resulted from post-anneals and may not be experienced in a high temperature deposition. Also, the 
required temperature to achieve crystalline films may be less than a post-deposition treatment but are not 
feasible with the current experimental setup. 
3.3.6   Optical Properties 
The optical properties of the TCO are critical to avoid efficiency loss of the cell. The total cell 
efficiency declines as the usable photon energy to the n or p type layers is absorbed by the TCO. Film 
appearance ranges from almost clear to a richer transparent yellow. The coloration variance is 









Table 3.10: Film description corresponding with Figure 3.28. 
Film ID Deposition Anneal Thickness 
[cm] 
2-21-12-4 T3 RT 100 mins 550C/30 min, 850C/60 min 3.33E-05 
3-3-12-4 T3 550C for 155 mins fast A  3.72E-05 
2-22-12-2 T2 RT 100 mins 550C/30 min, 850C/60 min 3.37E-05 
3-4-12-1 T2 550C for 140 mins fast A 4.49E-05 
2-20-12-3 T4 RT 100 mins 550C/30 min, 850C/60 min 2.11E-05 
1-31-12-1 T1 300C 100 mins fast A 3.7226 e-5 
2-14-12-3 T1 550C for 200 mins  550C/30 min, 850C/60 min 2.431 e-5 
 
 
Figure 3.29: Films annealed with standard CdS. 
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Table 3.11: Film description corresponding to Figure 3.29. 
Film ID Deposition Anneal Thickness [cm] 
2-19-12-1 T1 550C for 200 mins CdS 2.8151 e-5 
2-21-12-3 T3 RT 100 mins CdS 3.33E-05 
2-20-12-2 T4 RT 100 mins CdS 2.11E-05 
3-17-12-2 T4 550C 130 mins CdS 4.98E-05 
 
NREL’s investigations of the optical properties of InxO3 TCO’s show an optimal TCO has a small 
fundamental electronic band gap and a large optical band gap [43]. The low conduction band can support 
high electron concentrations without forming compensating acceptor defects. 
The fundamental band gap is a low conduction band edge, but large band gap to limit the visible 
light absorption. The apparent band gap is impacted by the following equation: 
Eg apparent =Eg + ΔBM –ΔRN     (3.6) 
where ΔBM is the Burstein-Moss occupation. This shift is when dopant sites above the valence band 
exceed the number of sites in the conduction band [doped degenerately]. The Fermi energy is pushed up 
above the conduction band because all the states below this level are occupied. The energy required to 
excite electrons is increased. The ΔRN refers to losses in band gap due to donor defects and other 
impurities that trap electrons. 
In order to calculate the Eg of films, a spectrophotometer is used with a transmission and diffuse 
reflectance attachment. The transmission and reflection is measured, normalized to a blank glass 
substrate, for wavelengths from 300 to 2000 nm. All films approximate 300-400 nm thickness for 
consistency.  
 



























T1 300C + A
T1 400C
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Figure 3. 30 through Figure 3.37 show plots for transmission and reflectance over wavelengths 
from 300-2000 nm [2.9-4.0 eV]. For TCOs, a good film has low reflectivity, and an optimal absorption-
transmission match. 
 
Figure 3.31: T1 0% doped reflectance. 
 
For all dopant levels, consistent trends occur. The oscillations from 400-1000 nm [1.24-3.1eV] 
are due to constructive and destructive interference in the film, commonly observed in smooth thin films. 
The film deposited at 300
o
C has the lowest transmission, which correlates with its low carrier density. 
Infrared absorption is increased with a decrease in transmission, due to a lower free carrier concentration. 
550
o
C with and without anneals have similar carrier density, but with a significant variation in 
transmission.  Film thickness appears to not be a significant issue, as 400
o
C is the thickest film and is 
within the range of the other films.  
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Figure 3.33: T2 1% doped reflectance. 
 
Compared to the 0% doping, the total transmission shifts from a maximum of 75% to 65%. 
Transmission for T2 films is fairly close together, with a maximum for the 550
o
C deposition. The 
reflectance increases for higher deposition temperatures that have also been annealed, possibly due to 
crystallization. Films that are not annealed have a lower carrier concentration. 
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C) depositions give an inverted initial profile on reflection and 
transmission. The reflection of the higher doped films is larger than the undoped, perhaps due to surface 
roughness.  
 



























































Figure 3.37: T4 10% doped reflectance. 
 
The transmission for 10% doping is very high for 2.9-3.3 eV and reflection drops off, consistent 
with lower doping levels. Room temperature deposited films have a higher transmission and inversely a 
lower reflection.  
Absorption refers to the ability to absorb energy at a given wavelength. Photons near the band 
gap have a lower probability of absorption since only the electrons directly at the valance band edge can 
interact. The greater the energy of the photon, the higher probability the electron can be absorbed. The 
absorption coefficient α can be calculated with equation 3.7: 
      (3.7) 
where λ is the wavelength, and k is the extinction coefficient. The absorption depth is given by the inverse 
of the absorption coefficient (α
-1 
[1/cm],). The absorption coefficient determines the depth into the 
material a wavelength penetrates prior to absorption. For Eg slightly less than Eph,   can be calculated by 
equation 3.8: 
   √            (3.8) 





plotting  2 as a function of photon energy with a linear fit, the x-intercept is where Eph = Eg. Wavelength 
is converted to energy using equation 3.9: 
     
  
 


























where h is the Boltzmann constant, c is the speed of light, and λ is the wavelength.  
Considering the region 3-3.2eV, where transmission drops to zero, the absorbance can be 
calculated by subtracting the transmission and reflectance from 100%: 
A = 1 – T – R          (3.10) 




       (3.11) 
 2 is plotted vs photon energy (seen in the appendix) and a linear regression line is used to determine the 
x-intercept, which is the band gap. Figure 3.38 plots the band gap for undoped and doped targets tested 
(T1-4) at various deposition temperatures with and without additional anneals. The additional anneals are 
standard, with 400
o
C dwell at 30 mins and 600
o
C for 1 hr.  These are done without a CdS plate simply to 
assist in film crystallization.  For reference, the band gap of CdTe = 1.49 [5], CdS = 2.42 [6], crystalline 
silicon = 1.1, amorphous silicon = 1.8.  
 
Figure 3.38: Band gap for T1-4 at temperatures and additional anneals. 
 
The band gap considers the photon range of 3-3.2 eV and incorporates the transmission and 
reflectance as well as film thickness. The noise seen in the reflectance plots is cut off at this range. 
Band gap refers to the ease in which electrons can be excited from the valence to conduction 
band. The variation in annealed vs as-deposited films could be due to the additional thermal energy 
changing the film from amorphous to crystalline. This crystallinity can create a significant change in the 
band gap. For 0% doping, 300
o
C is significantly lower and is consistent with the films very low 
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transmission and increased reflection. The electrical indications of a low carrier density matches these 




C, films which have a lower transmission. 5% 
doping have the 400-550
o
C maximum. Higher deposition temperatures gave more consistent higher 
transmission. The room temperature annealed film has the lowest initial reflection, but does dip in the 
band gap. The highest doping levels have a consistently high band gap as well as a higher transmission 
than all the other films, due most likely to the lower film thickness.  
3.3.7   Crystalline Properties 
X-ray diffraction was done for 10-70
o
 where a 3 second count was taken between 0.05
o 
angle 
steps. All films were measured, except the high temperature anneals (upwards of 800
o
C) due to the 
warped surface and significant cracking. Since XRD relies on a flat surface to bounce x-rays off of to 
show the effects of atomic spacing, micro cracks can create false angles. T1-T4 are divided up in this 
section to illustrate how post anneals and deposition temperature affects each film 
T1 0% Ta doping 
 
Figure 3.39: T1 RT and 550
o
























T1-variation of deposition temperature 







T1 deposited at room temperature with a standard anneal (T1 RT Std A) results in very crisp 
Cd1.33Sn1.33O4 {16.767, 27.547, 32.422, 33.906, 39.352, 48.707, 51.874, 56.87}[44] on the amorphous 
substrate. Cd2SnO4 was expected {24.06, 27.928,  31.52, 32.16, 33.43, 33.59, 44.09, 47.02} [45] but is 
not as good a fit. 
At a high deposition temperature (550
o
C) the Cd1.33Sn1.33O4 loses peaks at 16.767 [111], 27.547 
[220], and 48.707 [422]. This lack of plane orientation is translated into smaller crystals, which widens 
the peaks at 32.3 [311] and 38.9 [400]. The shifting from the data values is due to thermal residuals that 
are expected from a high temperature deposition with any non-uniformity in cooling. The electrical 
properties of good conductivity and carrier concentration for both films is consistent with the clear 
crystalline film. 
 
Figure 3.40: T2 XRD for all films. 
 
Many of the films for the 1% Ta doping do not exhibit crystalline peaks. Relevant films are 




























T2 all films 
T2 RT T2 RT Std A T2 300C T2 300C Std A T2 300C 800A T2 400C T2 550C
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T2 – RT vs RT+A 
 
Figure 3.41: T2 RT with and without anneal XRD fit [Cd2SnO4 and SnTa4O11]. 
 
 Figure 3.41 shows the difference when a room temperature T2 film is annealed at 600
o
C. While 
the non-annealed film has aspects of both Cd2SnO4[45] and SnTa4O11[46], the Cd2SnO4 peaks are 
stronger and better fit, however it is primarily amorphous.  
For the annealed film, the large spike at 32.2 is closer to the SnTa4O11 (32.243) compared to 
Cd2SnO4 (32.160). The unique spike at 56.75 is close to both SnTa4O11 (56.515) and Cd2SnO4 (56.950). 
Overall, the annealed film has more SnTa4O11 crystals, but also had peaks for Cd2SnO4. The larger angle 
matches are less apparent because in the amorphous film, blended with the glass scatter, the small peaks 
given by the pure crystals are masked by the amorphous noise. The second large lift is not characteristic 
of glass, but is still amorphous. This tells us the film is amorphous, not just the glass. The main takeaway 
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With an anneal, T2 shifts from a larger concentration of SnTa4O11 to more Cd2SnO4. There is 
estimated that additional crystalline materials with Ta, O, Cd, and Sn are present in low doses due to 
proximity reactions. The 1% Ta doping is most favorable as SnTa4O11 at room temperature, but shifts to 
Cd2SnO4 with added thermal energy. This typically assists in diffusion and complete crystallization. 
However the film itself is amorphous in both cases; Ta may inhibit the crystallization of the Cd2SnO4 
bulk. 
T2 300C with A 
 
Figure 3.42: T2 300
o
C with anneals RT XRD fit [Cd2SnO4, and Cd2Ta2O7]. 
 
Figure 3.42 compares films of T2 deposited at 300
o





C anneal. While the high temperature anneal (film peaks: 25.8, 29.8, 32.15, 33.1, 51.2) is 
well characterized by the strong peaks of SnTa4O11 (JCPDS peaks [46]: 22.98, 25.823, 29.579, 30.434, 
32.523), the spike at 33.1 correlates to the strongest peak of Cd2SnO4 (311) plane. CdTa2O6 (231) plane is 
the third largest peak (to 29.38 and 23.598) and corresponds to the 51.2 (JCPDS [47]– 51.7) film peak in 
the 800
o
C anneal. The low temperature and non annealed films are amorphous and exhibit the possible 
crystals in many forms. The two preferential materials formed are Cd2SnO4 and Cd2Ta2O7. The 600
o
C 





























T2- 300C with various anneals 
T2 300C T2 300C Std A T2 300C 800A
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T2 400 and 550C 
 









There is some β-Ta in the T2 550oC film, but a huge peak at 38.47 corresponds directly with  α-Ta. Small 
peaks of Cd2SnO4 are present in small quantities. The film at 550
o
C is composed of primarily Ta and 
SnTa2O7. The 400
o
C film has more peaks from Cd1.33Sn1.33O4 and SnTa2O6. With the added thermal 
energy, Ta diffuses and combines in a [1 1 0] orientation in large grains. 400
o
C does contain the Ta but at 
a much lower and wider peak.  A slightly widened peak reflects smaller grains. Peak shifts describe strain 
in the lattice caused by other crystal structures or residual stresses from thermal stresses.  
T2 vs T3 RT 
T2 (1% doping) with T3 (5% doping) deposited at room temperature are both amorphous films. 
The two are simlar, but T2 is more consistently Cd2SnO4. T3, with additional Ta doping, has more peaks 








). These additional structures are 


















T2 high temperature deposition 





T3 300C with A 
 
Figure 3. 44: T3 300
o
C with anneals XRD fit [Ta2O2.2, and SnTa4O11]. 
 
Figure 3. 44 illustrates what happens with additional anneals to T3 deposited at 300
o
C. There is a 
clear shift between annealing at 600
o
C (standard) compared to 800
o
C anneal, which gave the majoraty of 
the film crystallization of Ta2O2.2. The fit of the experimental film (30.2, 35.05, 50.5, 60.1) compared to 
JCPDS data[48] (30.33, 35.16, 50.58, and 60.12) is extremly accurate. The unannealed and standard 
annealed films are predominantly SnTa4O11 with small grains, seen in the width of the peak around 32
o
. 
T3 400 with A 
 
Figure 3.45: T3 400
o
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T3 400C Std A
T3 400C 850 A
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Figure 3.45 shows the T3 film deposited at 400
o
C unannealed and annealed standard fit for XRD. 
Both films have similar compositions of SnTa4O11, with the unannealed having more Cd2SnO4, but the 
films are definitively amorphous. Specific peak correlations for the film with an 850
o
C anneal are 
SnTa4O11 (25.823 JCPDS[46] :: 25.95 film), Cd2SnO4 (33.587 JCPDS[45]:: 33.45 film), CdTa2O6 (51.7 
JCPDS [47]:: 51.05 film), and β-Ta [49] (64.7 both). Clearly there is a transition between a 600oC anneal 
(standard) and an 850
o
C anneal, resulting in crystallization of moderate sized crystals of SnTa4O11 and β-
Ta. T3 deposited at 550
o
C annealed and unannealed films are very similar to the 400
o
C films, and are 
both amorphous.  
T4 RT vs RT + A 
While there is 10% tantalum, there is no indication of a significant amount of Ta crystals. Instead, 
the Ta is seen to go into Ta2O2.2 in both annealed and unannealed films that are deposited at 20
o
C. The 
unannealed has peaks characteristic of Cd1.33Sn1.33O4, which accounts for the unique middle lift between 
the two typical humps (26-27
o
). The unannealed also shows stronger peaks for Cd2SnO4, while CdSnO3 is 
prevalent in the annealed film. SnTa2O7 also exists in small amounts for T4 RT Std A. For both films, the 
material is predominantly amorphous. Ta alone does not exist in significant quantities for either film, but 
in Ta2O2.2. Annealing shifts the Cd1.33Sn1.33O4 and Cd2SnO4 to CdSnO3. 
T4 High Temperature 
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Figure 3.46 XRD plot is well fit for the peaks depicting crystallization, so no overlay is shown in 
order to illustrate the variation in film peaks. The unannealed films are consistent with the other 
amorphous films, even deposited at lower temperatures. The 550
o
C standard anneal film is small grains of 
Cd2SnO4. With added thermal energy, peaks shift to a sharp, strong SnTa4O11 (JCPDS [46]: 29.579, 
34.827), meaning the majoraty of the film is large crystal SnTa4O11. The lower peaks of this film indicate 
Cd2Ta2O7 crystals.  T1, the undoped film, is signficantly different and shows Cd2SnO4 peaks. 
Summary 
T1 standard film requires 600
o
C anneal with CdS plate, and crystalizes as Cd2SnO4. 
 
Figure 3.47: T2 overall XRD comparison. 
 
T2 is completely amorphous at all except RT with a standard anneal, 300
o
C with an 800
o
C 
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Figure 3.48: T3 overall XRD comparison. 
 
T3 is amorphous at all except with high temperature anneals above 800
o
C.  This is the same for 
T4 (10% Ta doping). Sputtering from Cd2SnO4:Ta targets with 1%, 5%, and 10% Ta did not result in 
Cd2SnO4 films with Ta doping. Rather, it resulted in films with amorphous charateristics. After high 
temperature anneals, crystalline Ta-containing species were seen.  
3.3.8   Silicon wafer 
Due to the coefficient of thermal expansion (CTE) of borosilicate glass being larger than the 
Cd2SnO4-TaO5, a single crystal silicon wafer was deposited on instead. 10% Ta [T4] doping 
investigations identified thermal stress cracking at substrate-film interfaces. After annealing, the glass was 
bowed upwards due to tension with the film. This indicates the film’s CTE is smaller than the glass since 
the glass expanded outwards more when heated. While thickness is critical in cracking, the actual 
thickness of the film required to reduce this is too great for any electrical tests to be accurate. The solution 
is substrate composition. Corning 7059 glass substrates were found to be best for higher temperature 













10 20 30 40 50 60 70
Angle [2Θ] 
T3 XRD 
T3 RT T3 RT Std A T3 300C T3 300C Std A
T3 300C 800 A T3 400C T3 400C Std A T3 400C 850 A













C and is used for two tests with high anneal 
temperatures. 
It should be noted that the surface crystallography affects the rate of deposition and orientation of 
film. A 1 mm oxide layer was grown with wet oxide growth methods [ramp to 1100
o
C on [100] single 
crystal silica [50]] to isolate the film electrically. This was done with the intention that the substrate 
would not impact electrical measurements. Physical constants of this oxide are listed in the appendix.  
There were two anneals run on the Si substrates after Cd2SnO4 deposition of T4 550
o
C on identical 
substrates: a slow (a1) and fast anneal (a2), plotted in Figure 3.18. The finished deposited film before 
annealing is shown in Figure 3.49. The slow anneal proved to give significant cracking to the film, so a 




Figure 3.49: Si substrate after 
Cd2SnO4 T4 deposition. 
 
 
Figure 3.50: XRD of T4 on Si substrate at slow and fast anneal. 
XRD indicates both anneal methods result in large grain crystals of Ta2O2.2 (peaks at 30.33, 35.16, 
50.58, 60.12, 63.1). A large spike at 70
o
 is reflective of the single crystal silicon substrate. The unmarked 
peaks and lift around 33
o
 are due to the amorphous oxide layer deposited below the film. While the 
annealed film still has micro cracks around grain boundaries, small sections of the film are undamaged. 
3.3.9   Quartz substrate 
While the silicon films still had cracking, fused quartz was used as a substrate to investigate the 
high temperature anneals. The substrate is quartz glass from Allen scientific glass, ASG2241 Quartz 
square 3”x 3”x 1/16” thick. A standard diamond cutting wheel was used to quarter the squares.  The CTE 
of fused quartz is 5.5×10
−7 cm




Figure 3.51: Quartz XRD fit with and without 850
0
C anneal [Ta2O2.2]. 
 
It is seen in Figure 3.51 that with an additional anneal the film turns from completely amorphous 
to a distinct crystalline Ta2O2.2. The small wide peak at 29.05
o
 may reflect the [111] plane of CdO2 or a 
similar tin compound. The amorphous peak at 22
o
 is reflective of the amorphous quartz substrate and not 
indicative of any film morphology. There was still some cracking at 700-800 μm, but large portions were 
undamaged (Figure 3.52). 
 




 The black dots compare to precipitates but could not be identified if they were exclusive to the 
surface upwards, or within the film volume.  
3.3.10   Conclusions 
The purpose of the study was to investigate tantalum as an n-type dopant in Cd2SnO4 TCO’s with 
the goal of removing the CdS plate anneal, which is impractical for industrial manufacture. Various 
doping levels (0-10%), deposition temperatures (20-550
o
C), and post-anneals were done on sputtered 
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properties are measured with x-ray diffraction, hall effect, spectrophotometer, and a profilometer to 
measure thickness and surface roughness. 
While the intent of doping was to eliminate the need for post annealing, the 550
o
C limitations of 





C were done to determine if temperatures above 600
o
C resulted in a uniform and 
conductive crystalline film. Unique substrates were used due to CTE mismatch, but high Ta level films 
resulted in crystallized Ta2O2.2, which has significantly less conductivity than Cd2SnO4. A significant 
discovery is approximate film properties can be achieved with a 550
o
C undoped Cd2SnO4 deposition with 
a standard anneal (0.85 mΩ-cm, 31.3 cm
2




) compared to the standard 20
o
C film 
with CdS anneal (0.60 mΩ-cm, 30.1 cm
2




). This film may be competitive in 
industry as an improvement for the current FTO (SnO2:F). Further research on soda-lime glass coating 
and other interface challenges may be required prior to implementation.  
 
3.4  Pulsed DC Sputter Deposition 
Cd2SnO4 is a commonly used transparent conducting oxide (TCO) in thin film CdTe solar cell 
applications, requiring both optical transparency and high conductivity. The TCO is traditionally 
deposited on a glass substrate and additional layers are added to form an operational cell. There are 
several other growth techniques investigated for Cd2SnO4 deposition such as RF magnetron, RF reactive 
sputtering, Pulsed Laser Deposition (PLD), sol-gel, dip coating, and Metal-Organic Chemical Vapor 
Deposition (MOCVD) [52]. However, pulsed DC (PDC) has not been considered for this material.  
3.4.1   Introduction 
Pulsed DC refers to the type of power used in plasma sputter deposition. It uses an alternating DC 
step function to sustain the energy to the plasma, which removes material from a stationary target while 
reducing charge buildup that leads to arcing.  There is a variety of literature outlining the use of PDC 
deposition for other thin film materials. 
Pulsed DC has been utilized for certain TCO films that would otherwise generate significant 
arcing. ZnO:Al and I-ZnO in CIGS solar cells has been shown that while pulsed DC is more expensive, it 
leads to better film qualities, improved stability, and increased deposition rates [53][54]. RF deposition 
can increase the density of a film due to enhanced substrate bombardment by Ar
+
[55], so it was 
determined to attempt to couple the RF with a pulsed DC instead of existing AC source 
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ITO (Indium tin oxide) has also been successfully deposited using pulsed DC sputtering, with 
ongoing investigations into RF superimposed pulsed DC sputtering, where the two are coupled. Results 
have indicated decreased resistivity and NIR transmission improvement. With added RF power there is an 
increase in arc events without adequate pulse synchronization controllers [56] [57].  
Ga-doped ZnO (GZO) pulsed DC magnetron sputtering with a rotating target (anode) was also 
considered previously due to its high sputtering power, high plasma density, long-term process stability 
with arc prevention, and enhanced dynamic deposition rates [58]. This method was shown to have 
enhanced target efficiency (>70%) compared to planar targets having only 20–30% due to partial 
sputtering. This partial sputtering can add beneficial crystal orientation as seen with ZnO:Al sputtering. 
With additional etching, 800 nm AZO films deposited on soda-lime glass had good transparency and 
lower resistivity under optimal conditions (473 K, 0.4 Pa, 150 W power 100 s duty time, 5 s pulse reverse 
time, 10 kHz pulse frequency, 95% duty cycle) [59].  
In CIGS cells pulsed DC is commonly used to create the back electrode (Cr and Mb) as well as a 
100 nm TCO [60]. Unique CIGS investigations in PDC magnetron sputtering of single phase β-In2S3 
buffer layers show that the pulsed DC gives a high plasma density that produces films with good 
crystalline properties, even at low substrate temperatures [61]. In2S3 films deposited with 100 kHz were 
found to be single phase without any additional heating. 
 
Figure 3.53: Ideal pulsed DC signal for 100 kHz [62]. 
 
Optimization of ITO pulsed DC sputtering on single junction a-Si gave 6.65% efficiency at 40 W 
with a pulse frequency of 201 kHz (for 460 second deposition time, pressure of 0.53 Pa, gas at 16 sccm, 
151
o
C). This study determined after Jsc did not improve after 9-10 mA/cm
2
 that the pulsed DC was arcing 
with high power and shorter deposition time, and that the films needed to be thicker due to reorganization 
of film particles during the off pulses [55].  
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3.4.2   Deposition 
The lab standard at Colorado School of Mines uses RF sputter deposition [13]; DC in a 
semiconductor case creates a buildup of charge at the target surface contained by the surrounding oxygen 
gas and cannot be used for Cd2SnO4. Some issues with sputter deposition involve arcs within the chamber 
(localized electric discharges) that lead to defects in the deposition surface or holes in the target. In RF 
deposition, ionization is driven by oscillating electrons in the bulk plasma with greater substrate 
bombardment (due to increased plasma vs the floating potential of the Ar
+
). Improved films with RF 
sacrifice the sputter rate for film quality.  
The standard deposition process is to sputter a 400 nm thick film using a 13.56 MHz RF 
magnetron sputter gun at 100 W RF power for 100 minutes. The chamber gasses are a mix of 10 sccm Ar 
and 10 sccm O2 at 10 mtorr. An additional contact anneal with a 150 nm CdS film at 400
o
C for 30 
minutes and 600
o
C for 60 minutes increases conductivity of the final film. An additional etch is standard 
for CdS annealed films, however for the PDC this actually damaged the conductivity. This is likely due to 
variation in the crystallization of the grain boundaries; the etch targets grain boundaries more quickly in 
the PDC films than with the standard RF growth method. 
 
Figure 3.54: Sputter target schematic. 
 
Figure 3.54 shows a schematic of the sputter target magnetic field that influences the Argon ions 
in the plasma. Permanent magnets are surrounded by a copper casing with integrated water cooling. A 
pole plate protects the magnets, but does not interfere with the magnetic field generated.  The RF power 
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switches the electric field direction, but the magnetic field is approximately constant because the magnets 
are permanent.  
For the Pulsed DC deposition, the power supply RF generator is replaced with a coupled MDX 
and DC power source. The MDX, Advanced Energy ® MDX500 Magnetron Drive, converts incoming 
AC power to DC at a controlled current and voltage. The DC power source from the MDX is pulse 
controlled by Advanced Energy ® Sparc-le TM V 100 Hz. The Sparc-le V is installed in series between 
the MDX power supply output and chamber. The adjustable variables involve power settings as well as 
frequency and controls to limit arcing. There are three control settings: passive, active-arc, and self run 
[63], [64].  The setting adjusts the applied voltage based on hard arc initiation [arcs sustained over 10 ms]. 
Figure 3.55 and Figure 3.56 illustrate the voltage response to an arc event in passive and active arc mode.  
 
Figure 3.55: Target voltage - passive mode. 
 
Figure 3.56: Target votage – active arc mode. 
Passive mode is used to clean the target because it allows some energy in the arc to ionize surface 
impurities or abnormalities. The optimal method of ramping power was determined by the lowest arcs 
throughout the deposition. Total arcs consist of both hard (>10 ms duration) and small (<10 ms) and 
occur most rapidly at the beginning of the deposition.   
 

















100W, 70kHz, RT, P=10 mtorr, 45 min
100W, 60kHz, RT, P=10 mtorr, 50 min
75W, 100kHz, RT, P=10 mtorr, 50 min
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For deposition, power is set on the MDX, which automatically calculates the applied current and 
voltage for that particular target and environment (such as chamber pressure, gas mixture, and target 
wear) (Table 3. 12). The Sparc-le pulse controller is then set:  
Reverse time 2 μs 
Crowbar delay 30 μs 
Reverse voltage 20% 
The plasma is initiated on the Passive setting to clean the target and reduce arcs. Without passive 
initial cleaning, arcs total >500 over 20 minutes (Figure 3.57).  The pressure of the chamber is spiked 
with more argon to strike the plasma with 50 W in passive mode, and the power is then ramped up by 
25W/min to reduce target damage. Once the desired power is reached, active arc handling is turned on. 
Table 3. 12: MDX data for each deposition. 
  
   
MDX 
Cell # target description Power [W] Current [A] Voltage [V] 
3-16-12 1-4 T1 100W, 100kHz, 30 min 100 0.255 388 
8-3-12 1-2 T1 100W, 100kHz, 42mins 100 0.252 397 
 3-4 T1 100W, 70 kHz, 45 mins 100 0.259 385 
8-5-12 1-2 T1 100W, 60kHz, 55mins 100 0.264 378 
 3-4 T1 75W, 100kHz, 50 mins 75 0.206 364 
 5-6 T1 125W, 100kHz, 40 mins 125 0.333 377 
 7-8 T1 110W, 80kHz, 50 min 110 0.301 359 
8-14-12 1-2 T1 120W 60kHz 45mins 120 0.332 359 
8-19-12 1-2 T1 50W, 100kHz, 70mins 50 0.155 322 
8-21-12 1-2 T1 40W, 100kHz, 70 mins 40 0.132 302 
 3-4 T1 50W, 80kHz, 70 mins 50 0.147 337 
8-24-12 1-2 T1 75W, 100 kHz, 70 mins, 300
o
C 75 0.221 331 
 3-4 T1 75 W, 100kHz, 70 mins , 400
o
C 75 0.22 339 
 5-6 T1 75 W, 100kHz, 70 mins ,550
o
C 75 0.217 338 
9-4-12 1-3 T1 new 75W, 100KHz, 70 mins, 530
o
C 75 0.163 452 
9-4-12 4-6 T2 75W, 100KHz, 70 mins, 530
o
C 75 0.18 410 
9-6-12 1-3 T2 75W, 100KHz, 70 mins, 20
o




Figure 3.58: Temperature increase variation from deposition compared to RF. 
3.4.3   Studies 
As this is a novel technique for the manufacture of Cd2SnO4 TCO’s, five studies were done 
progressively to obtain an optimal film for PDC deposition. Preliminary decisions regarding pulsing 
settings were determined from literature review for ITO and similar PDC deposition settings as discussed 
in the introduction. All PDC results are compared to similar RF baseline cases. 
Study 1 - optimal frequency 
The power setting of 100 W was used as this is the power for the standard RF deposition. Films 
produced were then post-annealed to enhance conductivity with a CdS plate face-to-face. The anneal 
(400
o
C for 30 minutes, 600
o
C for 60 minutes in N2) is required for RF films deposited at room 
temperature to facilitate crystallization of the Cd2SnO4 bulk. All films deposited at room temperature were 
found to be non-conductive prior to annealing. Note 100-60 kHz is the range of the Sparc-le V equipment. 
Table 3.13: Study 1, electrical properties. 








RF power, 100 mins, RT, CdS A 0.60039 30.1 34.5 
100W, 100kHz, 30 min, RT, CdS A 2.83263 15.6 14.1 
100W, 100kHz, 42mins, RT, CdS A 3.30356 18.7 10.13 
100W, 70 kHz, 45 mins, RT, CdS A 2.48786 28.1 8.94 
100W, 60kHz, 55mins, RT, CdS A 4.23497 21.5 6.85 
y = 0.2059x + 23.467 
R² = 0.9819 
y = 0.2245x + 23.451 
R² = 0.9908 
y = 0.192x + 27.98 
R² = 0.9883 
y = 0.204x + 22.787 
R² = 0.9934 
y = 0.1056x + 29.112 
R² = 0.9412 

























Temperature increase seen with deposition 
100W, 100kHz, 30 min
100W, 100kHz, 45 min
100W, 70kHz,45 mins
100W, 60kHz, 50 mins




Table 3.13 compares the relevant electrical properties for 100 W power, room temperature with 
additional anneal, for decreasing frequency. It is seen that the RF power results in the lowest resistivity. 
Variation in the 100 kHz values is due most likely to arc events and not thickness, as the values of bulk 
resistivity and carrier density are normalized.  
While the 70 kHz film has a relatively low bulk resistivity, the carrier density is more than 70% 
lower than the RF film. Mobility however increases to near the RF deposited film value. At this power, 
none of the films closely approximate the RF film.  
The theory behind increasing the frequency is that it will increase the electron temperature and 
plasma density further from the plasma. This in turn increases floating potential which will increase the 
ion bombardment of the target [65]. This is consistent with the lower deposition rate of higher frequency 
films, and clearly impacts the carrier density of the deposited films.  
Study 2 - optimal power 
The plasma is controlled not only by frequency of the PDC power source, but the conjunction of 
the power and frequency. The second study serves to relate film properties deposited at various 
frequencies and power levels for room temperature (RT- 20
o
C) deposition. Power was varied from 40-125 
W for 60-100 kHz frequency, shown in Table 3.14. Note a symmetric matrix was not done due to the 
ability to measure properties for each sample, and direction of the study was adjusted after each 
deposition. 
Table 3.14: Study 2, electrical properties. 













RF power, RT 100 mins, CdS A 0.60039 30.1 34.5 
75W, 100kHz, 50 mins, RT, no A 3.0402 16.1 12.7 
75W, 100kHz, 50 mins, RT, CdS A 1.10252 23.8 23.7 
125W, 100kHz, 40 mins, RT, CdS A 5.52509 18.1 6.23 
50W, 100kHz, 70mins, RT, CdS A 2.52756 16.5 14.9 
40W, 100kHz, 70 mins, RT, CdS A 1.52594 15.6 26.2 
50W, 80kHz, 70 mins, RT, CdS A 2.83669 13.3 16.6 
110W, 80kHz, 50 min, RT, CdS A 4.61548 20.1 6.73 
120W 60kHz 45 mins, RT, CdS A 5.56616 18.6 6.02 
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It is seen that the RF power deposition results in lower resistivity, higher mobility, and higher 
carrier density. The PDC of 75 W 100 kHz gives similar results to the RF. Increased power, while 
increasing the deposition rate, decreases conductivity.  The trends seen with power and frequency are best 
visible in Figure 3.59 through Figure 3.61. 
 
Figure 3.59: Study 2 bulk resistivity plot. 
 
Resistivity increases with increasing deposition power. 60 kHz and 80 kHz have lower 
conductivity compared to the 100 kHz. The best film PDC film in terms of conductivity is the 75 W 100 
kHz with CdS anneal. The 100 W RF does not follow this correlation. RF power is not exactly the same 
as DC power because DC power is a scalar quantity. RF uses RMS values and has reactance, where 
power is stored or released (apparent and reactive power). Adding the vectors of reactance and resistance 
is known as impedance. 
 



























































Mobility is directly affected by the mean free path for electrons and holes which is determined by 
the various scattering mechanisms. The most important are lattice scattering and impurity scattering.  
Mobility is fairly consistent, but all PDC films are lower than the RF deposition. The best films are 80 W 
100 kHz with added CdS anneal.  
 
Figure 3.61: Study 2 carrier density. 
 
Carrier density is reflective of how effective an n-type dopant is at having available electron 
donors to supply. Lower power results in higher carrier density, consistent with lower bulk resistivity. 
The tradeoff is in the deposition rate. The PDC film that most approximates the best RF standard 
deposition is 75 W 100 kHz to achieve resistivity of   1.10 mΩ-cm, mobility of 23.8 cm
2
/V-s, and carrier 





Study 3 - Optimal Temperature 
Standard RF deposition is done at room temperature (~20
o
C), but increasing the temperature can 
assist in the crystallization of the film. Improved film deposition depends on how easily atoms can move 
about the surface of the substrate to bond in the desired orientation. When the Cd2SnO4 stoichiometry is 
achieved, the mobility of the resulting group is reduced and is less likely to leave the surface, resulting in 

































Table 3.15: Study 3, electrical properties. 











75W, 100 kHz, 70 mins, 300C, CdS A 0.64402 31.6 30.7 
RF power, 300C 100 mins, std A no CdS 4.21398 8.06 18.4 
75 W, 100kHz, 70 mins, 400C, CdS A 0.42078 37.1 40.0 
RF power, 400 C  110 mins, CdS A 0.55358 34.9 32.3 
75 W, 100kHz, 70 mins, 530C, no A 9.55306 45.5 14.4 
75 W, 100kHz, 70 mins, 530C, CdS A 0.52789 44.5 26.6 
RF power, 550C for 200 mins, no A 1.04553 24.2 24.7 
RF power, 550C for 200 mins, std A no CdS 0.84200 31.3 23.7 
RF power, 550C for 200 mins, CdS A 0.45211 33.6 41.1 
 
It is seen that 400
o
C PDC results in films with lower resistivity than RF at any temperature. The 
PDC film at 530
o
C is close to the 550
o
C deposition with RF. The variation in these temperatures is due to 
equipment degradation, so PDC temperatures above 530
o
C cannot be run. The 75 W, 100 kHz, at 530
o
C 
has an extremely high mobility, as deposited (no A = no post-anneal) and after anneal. Figure 3.62 
through Figure 3. 64 illustrate the trends for PDC compared to RF for temperature. 
 






























In terms of resistivity, the higher number seen in the plot is without a CdS anneal. The trend with 
the annealed films is a decrease in resistivity as temperature increases. At 300
o
C, the RF is less 
conductive than the PDC. 
 
Figure 3.63: Study 3 mobility. 
 
Higher mobility reflects the ease of carrier motion and is related to the resistance in the film and 
the carrier concentration. The highest mobility is seen in the 530
o
C PDC; the PDC in general is higher 
than the RF values. The trend of increasing temperature results in increasing mobility overall.  
 






















































Carrier density reflects the number of minority carriers available to carry current, for a TCO it is 
about conducting electricity. It seems to peak at 300
o
C for PDC films, and 550
o
C for RF.  
Overall, the 75W, 100kHz, 530
o
C film has the highest mobility [45 cm
2
/V-s] but not the lowest 
resistance. The best RF film is deposited at 550
o
C to achieve a resistivity of 0.45 mΩ-cm, mobility of 
33.6 cm
2




. The PDC film deposited at 400
o
C is the best film, 
giving the properties:  0.42 mΩ-cm, 37.1 cm
2




. However the pulsed DC with high 
substrate temperature can give enhanced carrier density that, with more work, the post-deposition anneal 
may not be necessary. If a dopant that can be deposited with PDC can be determined, the 75 W 100 kHz 
530
o
C deposition may make good quality as-deposited films. 
Study 4 - T1 New Comparison 
The T1 target was initially used for a multitude of RF depositions, and has inconsistent wear and 
cracking due to cycling. This study was done to compare the old target to a brand new Cd2SnO4 target as 
well as investigate the target wear. The deposition of 75 W, 100 kHz, at 530
o
C was done for the new and 
old target, and electrical properties are listed in Table 3.16. 
Table 3.16: Film properties for used and new target. 
Film deposition details 
Bulk 
Resistivity 








75W, 100kHz, 70 mins, 530C, new no A 1.53676 54.5 7.46 
75W, 100kHz, 70 mins, 530C, new CdS A 0.62993 47.6 20.8 
75 W, 100kHz, 70 mins ,530C, no A 9.55306 45.5 14.4 
75 W, 100kHz, 70 mins ,530C, CdS A 0.52789 44.5 26.6 
 
It is seen that the films from the new target have higher mobility but lower carrier density than the 
old target films. The unannealed film for the new target has significantly improved conductivity.  The 
resistivity increase with the CdS annealed new target may be limited to variations with CdS plate. It is 
anticipated these two films will be similar after anneal, crystallization is primarily related to the 
deposition temperature.  
Target Wear 
Using the PDC as a power source rather than RF puts different strains on the target. Figure 3.65 
shows a new target installed in the setting. After one PDC deposition, the target develops circular 




Figure 3.65: New target prior to PDC deposition. 
 
Figure 3.66: New target after 1 PDC deposition. 
 
Figure 3.67: Target after multiple deposition, including chamber film damage. 
 
After all of the PDC depositions as well as initial RF depositions for this work, a significant 
amount of discoloration, cracking, and wear around the target’s toroidal magnetic field was observed 
(Figure 3.67). The area of interest is the damage to the film built up on the surface of the chamber. After 
PDC arcing, this film began peeling off the aluminum cooling plate.  This illustrates the damage hard arcs 
can have on neighboring conductive material, and may be a limiting factor in a large-scale manufacturing 
process.  The peeking could also be from the films setting thick after successive depositions.  
The new target gives worse properties and an improved deposition rate (New target - 2.739 
nm/min as compared to the old target – 2.30 nm/min (averaged for temperature adjustment)). This is 
similar to the PDC films at higher powers. With a new geometry for the argon ions to interact with, the 
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magnetic field may need to be adjusted to achieve optimal orientation of plasma concentration. The 
discoloration mark radius appears smaller than the older films’ wear patterns, which coincides with 
variation in the magnetic field orientation. 
Study 5 – 1% Ta Doped Comparison 
The ability to effectively deposit films with targets of differing conductivity is relevant to 
expanding the knowledge of PDC controlled plasma.  A 1% Tantalum [mass percent] doped Cd2SnO4 
target was investigated. Initially the Ta doping was investigated as an n-type dopant and to remove the 
need for a CdS post anneal, however the conductivity of Cd2SnO4 was hindered by the Ta in the bulk. 
This study is focused more on deposition of a lower-resistivity target (doped target resistivity is 1.7 Ω, 
undoped is 5.32 Ω measured with a multimeter and averaged over 3 values] using PDC. 
The target is manufactured by Materion Advanced Chemicals [SS-1937-1] and are made by hot-
pressing pre-reacted Cd2SnO4 powder and Ta2O5 and sintered. The 75 W, 100 kHz deposition is done at 
room temperature and 530
o
C and compared to 1% doped films grown with an RF power source.  Results 
are compared in Table 3.17. 
Table 3.17: 1% Ta doped targets deposited with PDC and RF. 












75W, 100KHz, 70 mins, RT, CdS A 7.85682 20.4 3.89 
1% Ta RF power, RT 100 mins, CdS A 1.21003 24.8 20.8 
1% Ta RF power, RT 100 mins, Std A no CdS 2.40287 26.3 9.86 
75W, 100KHz, 70 mins, 530C, no A 26.65680 24.4 0.96 
75W, 100KHz, 70 mins, 530C, std CdS A 5.14514 30.6 3.97 
1% Ta RF power, 550C 140 mins, no A 15.28250 5.65 7.22 
1% Ta RF power, 550C 140 mins, CdS A 3.22986 14.5 13.3 
 
The PDC has approximately 2-7 times the resistivity of RF films. Mobility is fairly consistent, but 
drastically reduced for the RF high temperature deposition. The carrier density of the PDC films is 
extremely low.  The Ta doped target deposits less effectively with PDC than RF.  In order to understand 




Figure 3.68: XRD low temperature RF and PDC. 
 
Figure 3.68 compares variations of the Ta doped target deposition on a glass substrate using RF 
and PDC at room temperature. The overall shape seen in the glass substrate will be present in the other 
films. The doped film deposition is very similar for both methods exhibiting a characteristic lift around 
31.25, indicating small crystals of Cd2SnO4 [45].  
 












































new undoped target - 75W, 100KHz, 70 mins, 530C
1% doped Ta - 75W, 100KHz, 70 mins, 530C





Figure 3.69 shows the high temperature depositions of Ta doped films deposited with RF and 
PDC, and the PDC undoped film. The RF film has a strong peak at 38.4, corresponding to Ta2 that has 
crystallized in an amorphous bulk Cd2SnO4.  The PDC films have a wide peak at 31.25, indicative of 
small crystals of Cd2SnO4 with some SnTa2O7, seen in the small shift around 31.25. There is not a 
significant difference between the doped and undoped film deposited with PDC, indicating the tantalum 
does not form crystals.  
The Ta doped PDC deposited film at 530
o
C has a lower conductivity than the undoped due to the 
interference of SnTa2O7 within the Cd2SnO4 bulk. RF deposition of this doped target generates Ta2 
islands, which improves conductivity since the bulk is more pure. In this case, the tantalum is not 
interacting with the electrons path of least resistance. 
The best RF film is deposited at room temperature to achieve a resistivity of 1.21 mΩ-cm, 
mobility of 24.8 cm
2




. This is the lowest resistivity and highest 
carrier concentration of the 1% Ta doped study. The highest mobility is found with the PDC film 
deposited at 530
o
C, giving the properties:  5.14 mΩ-cm, 30.6 cm
2





3.4.4   Deposition Rate 
One major benefit of PDC deposition is it traditionally the deposition rate is 2-3 times the rate of 
RF film growth[66]. The deposition rate is most related to the power, seen in Table 3.18. 
Table 3.18: Deposition Rate for PDC compared to RF. 
Deposited Film Temperature Power Frequency 
Deposition 
Rate 
















100W, 100kHz, 30 min, RT 20 100 100 5.326 
100W, 100kHz, 42mins, RT 20 100 100 8.047 
100W, 70 kHz, 45 mins, RT 20 100 70 6.876 
100W, 60kHz, 55mins, RT 20 100 60 6.553 
75W, 100kHz, 50 mins, RT 20 75 100 3.577 
125W, 100kHz, 40 mins, RT 20 125 100 9.838 
110W, 80kHz, 50 min, RT 20 110 80 8.331 
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Table 3.18 continued. 
Deposited Film Temperature Power Frequency 
Deposition 
Rate 
120W 60kHz 45 mins, RT 20 120 60 7.336 
50W, 100kHz, 70mins, RT 20 50 100 2.221 
40W, 100kHz, 70 mins, RT 20 40 100 1.543 
50W, 80kHz, 70 mins, RT 20 50 80 1.674 
75W, 100 kHz, 70 mins, 300C 300 75 100 3.945 
75 W, 100kHz, 70 mins , 400C 400 75 100 3.095 
75 W, 100kHz, 70 mins ,530C 530 75 100 2.941 
New target, 75W, 100KHz, 70 mins, 530C 530 75 100 2.739 
1% Ta doped, 75W, 100KHz, 70 mins, 530C 530 75 100 6.245 
1% Ta doped 75W, 100KHz, 70 mins, RT 20 75 100 4.869 
 
Deposition can be as high as 9.8 nm/min with 125 W PDC, however the film properties decline 
with power over 75 W. Trends of temperature and frequency variation are shown in Figure 3.70 and 
Figure 3.71. 
 
Figure 3.70: Deposition rate for given frequencies of PDC. 
 
As power increases, deposition increases approximately 0.063 nm/min-
o
C, as seen in a linear 


































Figure 3.71: Deposition Rate for PDC vs RF vs temperature. 
 
Increasing temperature decreases the deposition rate consistently for both RF and PDC. This is 
related to the plasma interaction of a temperature gradient from the high temperature plate generating 
localized pressure variations above the sputter target. With an increase in pressure around the sputter 
head, the argon atoms used to generate ions by striking the target interfere with one another, reducing the 
effectiveness of the physical vapor deposition. It is also seen that with increasing temperature, the 
effective sticking factor of the film on the glass substrate is decreased. At high temperatures, the energy 
of the ions may be too high to stay on the surface and generate nucleation sites. 
3.4.5   Film uniformity 
Uniform deposition of the film is critical to achieve consistent and repeatable properties. Surface 
profiles were done on a Tencor Profilometer at 5 mm, 400 nm/sec, at 50 Hz (giving 632 data points per 

































C 100W, 100kHz film. 
 
Surface profiles are comprised of waviness and roughness. Roughness values are given in the 
appendix; here we consider waviness, or the variation of height relative to the initial measured point. 
Total film thickness is 300-400 nm [3000-4000 Angstroms].  Table 3.19 shows both a schematic for each 
measurement, and the height variation.  

































































 The consistent spikes seen in the 100 W, 60 kHz film are not found in any other film deposition. 
Variation of up to 20 nm is common with this method of deposition, and peaks rather than sporadic 
roughness variation is expected. Crystal growth on a nm scale would be more uniform with slight 
increases in layer levels rather than individual molecule stacking.  
The T1 new has the least discrepancy of the film surface, and may be due to the targets less worn 
geometry. It is postulated that a higher temperature also might assist in more uniform crystallization and 
is seen in the improvements of film properties. Overall the films are very smooth.  
3.4.6   Optical Properties 
Optical measurements were carried out with a Cary 5G spectrophotometer. Transmission was 
measured using the standard flat plate sample holder and reflection was measured using the diffuse 
reflectance accessory. Wavelengths from 200 to 2000 nm were run. Both measurements are normalized to 
























































     
  
 
       (3.12) 
where h is Boltzmann’s constant, c is the speed of light, and λ is the wavelength in nm. Light can interact 
with film material as either transmitted, reflected, or absorbed. Absorption can be calculated from 1-T – R 
and can be used to calculate the band gap of the material.  
Transmission 
Optical properties are critical in a TCO to not negatively influence the layers below.  The band 
gap (Eg) is the most quantifiable value for comparison and is reflective of the amount of energy required 
for an electron to jump from the valance to the conduction band. In order to calculate the Eg of films, a 
spectrophotometer is used with a transmission and diffuse reflectance attachment. Figure 3.73 through 
Figure 3.82 show plots for transmission and reflectance over wavelengths from 300-2000 nm [2.9-4.0 
eV]. For TCOs, a good film has low reflectivity, and an optimal absorption-transmission match to take 
advantage of the lower film layers CdS and CdTe. 
 
Figure 3.73: Transmission through film for power of 75W. 
 
The focus on 0.75-4 eV is because the band gap for this material falls within this range. It is seen 
that at higher deposition temperatures for 75 W power, the transmission is greater at lower energies. The 



















T1 new 75W, 100KHz, 70 mins, 530C 75 W, 100kHz, 70 mins , 400C
75 W, 100kHz, 70 mins ,530C 75W, 100 kHz, 70 mins, 300C




Figure 3.74: Transmission through film for power other than 75W. 
 
The oscillations in the transmission are commonly seen in thin smooth films. They are due to 
constructive and destructive interference caused by portions of the light reflecting from the glass-film and 
film-air interfaces. Differences in the oscillations are due to difference in film thickness, roughness, and 
index of refraction.  
 



















40W, 100kHz, 70 mins, RT 50W, 80kHz, 70 mins, RT 120W 60kHz 45 mins, RT
110W, 80kHz, 50 min, RT 100W, 100kHz, 42mins, RT 100W, 70 kHz, 45 mins, RT
125W, 100kHz, 40 mins, RT 110W, 80kHz, 50 min, RT 50W, 100kHz, 70mins, RT



















T2 75W, 100KHz, 70 mins, 530C T2 75W, 100KHz, 70 mins, RT
CdS A T2 75W, 100KHz, 70 mins, 530C CdS A T2 75W, 100KHz, 70 mins, RT
83 
 
The oscillations for the 1% Ta doped films have similar transmission to undoped, but all of these 
films are fairly consistent. The higher temperature deposition drops the transmission at approximately 
2.75 eV compared to the room temperature depositions. 
 
Figure 3.76: Transmission through film for CdS A films deposited at 75W. 
 
The new target (T1) has lower transmission than the more worn target, corresponding to the lower 
mobility values seen in these films.  
 



















CdS A T1 new 75W, 100KHz, 70 mins, 530C  CdS A 75W, 100 kHz, 70 mins, 300C
 CdS A 75 W, 100kHz, 70 mins , 400C CdS A 75 W, 100kHz, 70 mins ,530C
























CdS A 100W, 60kHz, 55mins, RT CdS A 100W, 100kHz, 42mins, RT
CdS A 100W, 70 kHz, 45 mins, RT CdS A 100W, 100kHz, 30 min
CdS A 120W 60kHz 45 mins, RT CdS A 125W, 100kHz, 40 mins, RT
CdS A 110W, 80kHz, 50 min, RT CdS A 50W, 80kHz, 70 mins, RT





Figure 3.78: Reflectance of the film deposited at 75W no anneal. 
 
The jump seen at 1.52 eV is due to a lamp change during the measurements, and should not be 
taken as a film property. While the films have differing oscillations, the amplitude [7-26%] is fairly 
consistent. 
 




















T1 new 75W, 100KHz, 70 mins, 530C 75 W, 100kHz, 70 mins , 400C
75 W, 100kHz, 70 mins ,530C 75W, 100 kHz, 70 mins, 300C




















40W, 100kHz, 70 mins, RT 50W, 80kHz, 70 mins, RT 40W, 100kHz, 70 mins, RT
120W 60kHz 45 mins, RT 110W, 80kHz, 50 min, RT 100W, 100kHz, 42mins, RT
100W, 70 kHz, 45 mins, RT 125W, 100kHz, 40 mins, RT 110W, 80kHz, 50 min, RT
50W, 100kHz, 70mins, RT 100W, 100kHz, 30 min
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The 40 W PDC film has a consistently low reflection, not due to surface roughness (Ra = 7.6 Ȧ, 
Rt = 41.2 Ȧ, similar to other films). This low reflection property gives a large band gap, but poor 
electrical properties and deposition rates make low power films ineffective as RF replacements. 
 
Figure 3.80: Reflectance of films with CdS anneal. 
 




















CdS A 100W, 60kHz, 55mins, RT CdS A 100W, 100kHz, 42mins, RT
CdS A 100W, 70 kHz, 45 mins, RT CdS A 100W, 100kHz, 30 min
CdS A 120W 60kHz 45 mins, RT CdS A 125W, 100kHz, 40 mins, RT






















T1 new 75W, 100KHz, 70 mins, 530C
T2 75W, 100KHz, 70 mins, 530C
T2 75W, 100KHz, 70 mins, RT
CdS A T2 75W, 100KHz, 70 mins, 530C




Figure 3.82: Reflectance of films with CdS Anneal. 
 
 It is seen that the new film has higher reflection before other films. The largest variance in the 
new films is in improved mobility and reduced carrier density.  
Band gap 
The absorption coefficient α was calculated over the range 300 nm – 425 nm using the measured 
transmission and reflection data and the measured film thicknesses. Figure 3.83 and Figure 3.84 show a 
plot of α
2
 as a function of photon energy (eV) and an extrapolation of its linear section to α
2
 = 0 for each 




 holds for this material (where A 
is a constant, Eph is the photon energy, and Eg is the band gap energy), the x-intercepts show the band gap 




















CdS A T1 new 75W, 100KHz, 70 mins, 530C
 CdS A 75W, 100 kHz, 70 mins, 300C
 CdS A 75 W, 100kHz, 70 mins , 400C




Figure 3.83: Absorption squared over 3-3.2eV unannealed films. 
 




















T1 new 75W, 100KHz, 70 mins,
530C
T2 75W, 100KHz, 70 mins, 530C
T2 75W, 100KHz, 70 mins, RT
75 W, 100kHz, 70 mins , 400C
75 W, 100kHz, 70 mins ,530C
75W, 100 kHz, 70 mins, 300C
40W, 100kHz, 70 mins, RT
75W, 100kHz, 50 mins, RT
50W, 80kHz, 70 mins, RT
40W, 100kHz, 70 mins, RT
No A, 120W 60kHz 45 mins, RT
No A, 110W, 80kHz, 50 min, RT
No A, 100W, 100kHz, 42mins, RT
No A, 100W, 70 kHz, 45 mins, RT
No A, 125W, 100kHz, 40 mins, RT
No A, 110W, 80kHz, 50 min, RT
No A, 50W, 100kHz, 70mins, RT



















 CdS A 75W, 100 kHz, 70
mins, 300C
 CdS A 75 W, 100kHz, 70
mins , 400C
CdS A 100W, 100kHz,
42mins, RT
CdS A 75W, 100kHz, 50
mins, RT
CdS A 100W, 100kHz, 30
min
CdS A 125W, 100kHz, 40
mins, RT
CdS A 50W, 80kHz, 70
mins, RT
CdS A T2 75W, 100KHz, 70
mins, 530C
CdS A T2 75W, 100KHz, 70
mins, RT
CdS A T1 new 75W,
100KHz, 70 mins, 530C
CdS A 75 W, 100kHz, 70
mins ,530C
CdS A 100W, 60kHz,
55mins, RT
CdS A 100W, 70 kHz, 45
mins, RT
CdS A 120W 60kHz 45
mins, RT
CdS A 110W, 80kHz, 50
min, RT




The band gap is the minimum energy required from a photon to excite an electron from the 
conduction to valance band edge.  Table 3.20 and Table 3.21 list the band gaps for all the PDC films. 
Table 3.20: Band Gap for unannealed films. 
sample Band Gap [eV] 
New target, 75W, 100KHz, 70 mins, 530C 2.81 
1% Ta doped, 75W, 100KHz, 70 mins, 530C 2.88 
1% Ta doped, 75W, 100KHz, 70 mins, RT 3.00 
75 W, 100kHz, 70 mins , 400C 2.82 
75 W, 100kHz, 70 mins ,530C 2.82 
75W, 100 kHz, 70 mins, 300C 2.66 
40W, 100kHz, 70 mins, RT 2.99 
75W, 100kHz, 50 mins, RT 2.80 
50W, 80kHz, 70 mins, RT 2.98 
40W, 100kHz, 70 mins, RT 2.85 
No A, 120W 60kHz 45 mins, RT 2.87 
No A, 110W, 80kHz, 50 min, RT 2.97 
No A, 100W, 100kHz, 42mins, RT 2.93 
No A, 100W, 70 kHz, 45 mins, RT 2.91 
No A, 125W, 100kHz, 40 mins, RT 2.87 
No A, 110W, 80kHz, 50 min, RT 2.94 
No A, 50W, 100kHz, 70mins, RT 3.00 
No A, 100W, 100kHz, 30 min 3.02 
 
Table 3.21: Band Gap for CdS annealed films. 
sample Band Gap [eV] 
CdS A 1% Ta doped 75W, 100KHz, 70 mins, 530C 2.98 
CdS A 1% Ta doped 75W, 100KHz, 70 mins, RT 2.83 
CdS A new target, 75W, 100KHz, 70 mins, 530C 2.85 
 CdS A 75W, 100 kHz, 70 mins, 300C 2.98 
 CdS A 75 W, 100kHz, 70 mins , 400C 2.96 
CdS A 75 W, 100kHz, 70 mins ,530C 2.95 
CdS A 100W, 60kHz, 55mins, RT 2.84 
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Table 3.21 continued. 
sample Band Gap [eV] 
CdS A 100W, 100kHz, 42mins, RT 2.80 
CdS A 75W, 100kHz, 50 mins, RT 2.98 
CdS A 100W, 70 kHz, 45 mins, RT 2.76 
CdS A 100W, 100kHz, 30 min 2.96 
CdS A 120W 60kHz 45 mins, RT 2.88 
CdS A 125W, 100kHz, 40 mins, RT 2.82 
CdS A 110W, 80kHz, 50 min, RT 2.75 
CdS A 50W, 80kHz, 70 mins, RT 2.46 
CdS A 50W, 100kHz, 70mins, RT 2.90 
 
The standard RF film Cd2SnO4 at room temperature has a band gap of 2.93 eV. CdTe has a band 
gap of 1.49 eV, CdS is 2.42 eV. The film with the lowest band gap (film that requires the least energy to 
provide free electrons) is 75 W, 100 kHz, at 300
o
C. This film also has comparable electrical properties to 
the RF standard film deposited at room temperature, with high mobility and carrier concentration.  At 
higher temperatures, this power setting gives average band gap values (2.82 eV). The maximum band 
gaps for unannealed films are the films at 50 W and 100 W with 100 kHz frequency Band gaps for films 
of interest are all similar to the standard Cd2SnO4 film, so in determining optimal films for further 
investigation, electrical properties can be predominantly used.  
The annealed films with CdS have a lower average band gap due to the influence of the added 
cadmium. The 50 W film with 80 kHz has the overall lowest band gap (2.46 eV), but with other low 
power films the band gaps more closely approximate the 2.93 eV that the standard RF film gives. 
Increasing the temperature does not have a significant impact on band gap; the power and frequency are 
the controlling factors in this.  
3.4.7   Conclusions 
An investigation of pulsed DC plasma deposition of Cd2SnO4 was done in comparison to the lab 
standard RF power. Four distinct studies were done encompassing various frequencies of 100 W power, 




C, and a comparison with a new 
instead of used Cd2SnO4 target. Table 3.22 shows a comparison of the best films from each of the studies 
in terms of electrical properties.  
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Table 3.22: Overall electrical properties. 











 RF power, 100 mins, RT, CdS A 0.60039 30.1 34.5 
1 100W, 100kHz, 30 min, RT, CdS A 2.83263 15.6 14.1 
 100W, 70 kHz, 45 mins, RT, CdS A 2.48786 28.1 8.94 
2 75W, 100kHz, 50 mins, RT, CdS A 1.10252 23.8 23.7 
 40W, 100kHz, 70 mins, RT, CdS A 1.52594 15.6 26.2 
3 75W, 100 kHz, 70 mins, 300C 0.64402 31.6 30.7 
 75 W, 100kHz, 70 mins , 400C, CdS A 0.42078 37.1 40 
 RF power, 400 C  110 mins, CdS A 0.55358 34.9 32.3 
 75 W, 100kHz, 70 mins ,530C, CdS A 0.52789 44.5 26.6 
 RF power, 550C for 200 mins, CdS A 0.45211 33.6 41.1 
4 75 W, 100kHz, 70 mins ,530C, CdS A 0.52789 44.5 26.6 
 75W, 100kHz, 70 mins, 530C, new CdS A 0.62993 47.6 20.8 
 
Resistivity can drastically improve the efficiency of the entire cell. The lowest resistivity is 0.42 
mΩ/cm with 75 W, 100 kHz, 400
o
C PDC deposition. This compares to 0.55 mΩ/cm resistivity of RF at 
the same temperature. The deposition rate of the PDC is 3.1 nm/min, as compared to the RF 3.0 nm/min 
for 400
o
C. For a desired 400 nm, this results in a 4 minute reduction per panel as well as improved film 
conductivity. For room temperature deposition (20
o
C), the RF is most effective method. The PDC at room 
temperature (75 W, 100 kHz) results in lower electrical properties across the board (1.10 mΩ-cm, 23.8 
cm
2
/V-s, 23.7 x 10
19
 cm
-3).  Even the deposition (3.58 nm/min) is lower (4 nm/min RF).  The RF improves 
in film properties at high temperatures, but deposition rate drops to near half the room temperature 
deposition. Deposition rates [nm/min] of these PDC films is an increase of 6-21% over RF at 
corresponding temperatures. Using a new target (compared to the worn target used many times) exhibits 
lower properties, but is likely due to the magnetic field interaction with the new geometry of the surface. 
By adjusting the toroidal field radius to correspond to the flat geometry with the given power and 
frequency settings, it is anticipated similar results would be achieved. 
It is theorized that the PDC is more effective for higher mobility than RF due to the slower 
oscillation. The electric field accelerates ions in harmonic oscillation at 100 kHz, slower than RF (13.5 
Mhz). Instead of Ar+ vibrating on surface, it allows more penetration into the target. Also, the ions 
leaving the target area can overcome coulomb effects from increased power duration, which  increases 
91 
 




C) of 75 W, 100 
kHz Pulsed DC powered PVD is viable research in efforts to increase efficiency in the TCO and improve 
large-scale manufacturing processing of CdTe PV. Even room temperature exhibits exceptional mobility. 
The most promising film may be 530
o
C since an as-deposited high mobility can be bolstered with a 
carrier concentration generated from a doping material. 
 
3.5  Fluent Model – Deposition Chamber 
The purpose of the Fluent model of the sputter process is to characterize fluid flow and deposition 
rate, and predict deposition rates in various conditions for RF plasma deposition of Cd2SnO4 (a physical 
vapor deposition method). Experimentally it was found that deposition rate changes drastically based on 
chamber pressure, gas composition, target composition, and temperature. It would be beneficial to 
illustrate how the gasses interact with the ions, move within the chamber at various temperatures, and if 
the ion sputtering can be characterized by diffusion. This understanding can be used to optimize chamber 
settings and geometry. 
3.5.1   Previous Modeling in Literature 
While no modeling has been done specifically for Cd2SnO4, other thin films deposited with similar 
methods have been researched. A 2D model to simulate gas flow in a horizontal MOCVD (Metal Oxide 
Chemical Vapor Deposition) CdTe reactor, incorporating conservation equations coupled with heat 
transfer and mass transport of the chemical species was done in Fluent [67]. Arrhenius parameters and 
general equations are utilized. It is seen that for constant partial pressures of ions at the inlet, CdTe 
growth rate increases linearly with the square root of the gas velocity at the inlet [68]. 
A model for APCVD (Atmospheric Pressure Chemical Vapor Deposition) of a CdTe solar cell 
employs forced convection rather than diffusion as a mechanism of mass transport [69]. Difficulties were 
seen in modeling the stagnation flow, solved with using a low-pressure jet inlet. For the stagnation flow, 
the mass transfer coefficient is estimated using correlations for the Sherwood number: 
     (3.13) 
which relates the convective mass transfer to the diffusive mass transfer, where L is the characteristic 
length [m], Dab is the mass diffusivity [m
2
/s], ReL is the Reynolds number over the given length, and Sc is 
the Schmidt number.  
Modeling of gas flows and pressure distribution inside process chambers with thermal and 
chemical reactions was also done using Fluent CFD. In this model, the gas streams into a vacuum 
92 
 
chamber were determined significant and could be used to direct the flows of specific gases for uniform 
composition [70]. 
3.5.2   How RF (Radio Frequency) Magnetron sputtering works: 
It is critical to understand conceptually how the sputter deposition works to establish the 
limitations of the model designed. Figure 3.85 shows a simplified version of plasma formation and sputter 
process and can be divided into four steps.  
1. Free e
-
 are accelerated away from negatively charged target. 
2. e
-
 collides with chamber gas (Ar) and creates a charged ion (+). 
3. Ar
+
 strikes target material. 
4. Target material comes off as ions and recombines on substrate surface. 
  
Figure 3.85: Plasma sputter deposition schematic. 
 
In the sputtering process gas ions (typically Argon) are created in a plasma and accelerated into a 
target material. The impacting ions knock off target material which recombines on the substrate as a thin, 
uniform film. In DC sputtering a negative target potential up to several hundred volts is applied to 
accelerate the positively charged ions to the target [71] . Argon is used because it is non-reactive to the 
target or sputtering atmosphere, and has a high molecular weight, giving high sputtering rates.  
A permanent magnet set behind the target, optimally 0.5-1” above the target surface, accelerates 
sputter rates. The geometry of the system is critical in that the argon ions are accelerated at 90
o
 angles 
relative to the magnetic field lines [72]. The magnetic field also gives a trajectory of secondary electrons 
(charged ions) ejected from the target, increasing the probability of the gas to deposit within the 
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confinement zone [73]. Potential issues with targets involve unbalanced erosion from improper 
positioning and cracking from internal stresses, which mars the smooth surface.  
3.5.3   General Model Description 
This system has been simplified to a single physics Fluent model that focuses on Cd2SnO4 surface 
reactions to characterize deposition rates at various temperatures, pressures, ionization rate (representative 
of power input, changes mass flow inlet from target) and with added dopants. These simplifications 
neglect the magnetic forces that give the directionality of the plasma and thus the expelled ions from the 
target surface. It is theorized that diffusion is the primary driving force once the target material is ionized 
until it recombines on a surface. To capture an adequate amount of the directionality, the ion mass-flow 
inlet is oriented normal to the target sputter head position (Figure 3.86).  
 
 
Figure 3.86: Model process schematic. 
 
The standard deposition to get a 400 nm Cd2SnO4 film takes 100 minutes, plus an additional 15 
minutes to ramp the RF power supply up and down (to prevent target damage). The pressure in the 
chamber is kept between 10-15 mtorr [1.33-1.99 Pa], and at higher temperatures is run at 21-23 mtorr 
[2.7-3.0 Pa]. The increased pressure is required to maintain the plasma; because the high temperature is 
localized. Pressure is controlled by adjusting the gas outlet size with a sliding plate across the circular 
opening. This pressure is measured at the base of the chamber, but at higher temperature gradients, the 




The inlet is set with flow controllers to 10 sccm O2 and 10 sccm Ar. The gasses maintain 
pressure, establish a constant concentration gradient for diffusion, and help with stoichiometry of 
Cd2SnO4 locally at the plate.  
The deposition plate that holds the glass rotates at 20 rpm in order to generate more uniform edge 
properties. The model currently is capable of incorporating this rotation, however experimental films 
deposited have deposition decline consistent with the model deposition rate results. The orientation of the 
ion motion is directly in the center of the substrate, so added rotation would not have a significant impact.  
The base, seen as half of the chamber below the cooling plate, is in fact the same diameter. 
However due to low levels of residual deposition seen, it is thought that most of the gas interaction that 
carries the ions being deposited occurs within the modeled first half with the inlet and outlet. The model 
only includes this half, approximated as an oval, for singularity and node reduction. The modeled 
diameter of the base connection to the upper deposition chamber is slightly larger than during the 
experiment due to the sliding plate adjustment, but because this is a low Reynolds number and not a 
rarefied gas, this does not significantly change the pressure or flow of the entire chamber. The velocities 
and pressure directly around the inlet and outlet will vary, but the chamber will maintain steady state. 
This geometry allows the model to negate the quasi-equilibrium seen only in the entrance region and have 
a deposition region that accurately approximates the experimental test bed. 
The temperature values cannot be measured directly on the walls; the top plate is effectively 
floating with a large open space above. The sides are interior shielding with a ¼” gap surrounded by a 
300 series stainless steel jacket with cooling band channels. The only temperature measurement available 
is the back of the glass plate surface. This controls the heating coil that circles the plate, which is attached 
to an Inconel substrate. A thin stainless plate acts as the top of the deposition region and rests on a small 
aluminum frame that also contains the interior shielding. Above this plate is empty space at chamber 
pressure.  
  The plasma reaction is simplified to an ion flux out of the target, oriented in the same position. 
The reaction is a stoichiometric composition of Cd2SnO4. The chemical equation used for this model is: 
O2g + 2Og + Sng + 2Cdg -> Cd2SnO4 
While the actual reaction could be seen with 4Og or 2O2g in excited states, a combination is most 




 where [X] is 
the concentration of the species, and  k is the global rate constant of the reaction. The value of k depends 
on conditions such as temperature and ionic strength and is approximated experimentally. r is the rate of 
the reaction, dependent on specific component concentrations weighted by reaction order.  
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A cooling plate was added to the base of the deposition chamber with an inlet diameter of ½” 
connected to a chilled water supply that services the entire lab. The output from the supply is 10
o
C, the 
global return is 12.22
o
C typically. The cooling is adjusted to 10 gph for a 20
o
C deposition, 30 for 400
o
C 
or higher. There is also 30 gph cooling around the target (ion inlet).  
3.5.4   Model Geometry and Mesh 
The sub-models used in Fluent include energy, viscous-laminar fluid flow, viscous heating, 
species transport, and chemical reactions. The reactions in particular include both gas-phase and surface 
reactions [mass deposition source, aggressiveness factor = 0.5]. Congruent with theories on ion transport 
in this environment, a diffusion energy source is used as well as thermal diffusion. The fluid-chemistry 
interaction is set as laminar finite rate.  This means the Arrhenius equation is driving the reaction and is 
not calculated with a turbulent-chemistry interaction. Gravity is also negated since at low pressure the 
small ions are not significantly affected. 
The generic form of the Arrhenius equation is: 
       (3.14) 
where k is the rate constant, A is the pre-exponential factor, R is the universal gas constant, and T [K] is 
temperature. Ea refers to the activation energy required [kJ/mol] for the reaction to occur. 
The Cell Zone Conditions (overall system parameters) are set as the fluid mixture with O and Ar 
mix reaction mechanism [described in detail the Reactions and Species section below]. The operating 
pressure of the chamber is 1.2 Pa for a standard trial. The chamber, modeled in Solidworks, is an inverted 
solid of a model of the actual fluid cavity. A cross section cut, shown in Figure 3.87, shows a 2D 
bisection of the area of interest. The coordinates in the model of this plane are {-0.381, 0, 0}, {0, 0.381, 
0} [m].  
 
 
Figure 3.87: Solidworks model and center cut plane orientation. 
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Calculated values for model 
Prior to modeling, some parameters required calculation, outlined in Table 3.23. 
Table 3.23: Fluent calculation outline. 
 Sections Subsections 
1 Mean Free Path  
2 Density of Cd2SnO4 solid  
3 O2 and Ar inlet flow rate  
4 Ion inlet rate To calculate deposition rate on glass 
 
Efficiency calculation 
To calculate efficiency-adjusted deposition rate for 
chamber 





Arrhenius Equation Plots 
6 Reaction Kinetics for 
Cd2SnO4 
 
7 Gas Inlet  
8 To validate at high temp Calculate deposition rate for 550C at 100 mins 
9 To validate at high temp Calculate deposition rate for 550C at 200 mins 
Calculate deposition rate for 500C at 100 mins 
1. Mean Free Path 
The mean free path refers to the distance a gas molecule can move before colliding with another 
molecule. The Knudsen number (Kn) is the ratio of the mean free path to a characteristic length, α/L. For 
ideal gases it can be calculated with: 
    
   
√       




where Kb is the Boltzmann constant (1.38065 x 10
-23
 J/K),T is temperature, σ is the particle hard shell 
diameter, P is total pressure, and L is characteristic length. High Kn values (>0.1) are representative of 
free molecular flow while lower values (< 0.001) can be considered a continuum. The slip regime is 
found in intermediate values where no-slip boundary conditions for velocity and temperature are invalid 
[74]. The mean free path and gas flow velocities were calculated for O, Sn, and Cd at the chamber 
settings of temperature and pressure included in the appendix.   
Oxygen, having the smallest diameter and thus least likely to collide with another oxygen, has a mean 
free path of 0.54 cm. With length scales of several inches (10-20 cm), this would be considered a higher 
slip regime. However, the interaction at the ion inlet is drastically greater due to ion density and the inlet 
and outlet flows are O2 or Ar and are more continuous. Fluent struggles to model extremely low pressure 
flows due to free molecular flow equation integration difficulties. A no-slip boundary condition was used 
at the surfaces of the walls in order to get convergence in the model, but is potentially a source of error. 
2. Density of Cd2SnO4  
molecular weight: 407.51, a = 9.141[45] , volume (Cubic): 763.80 [this is a
3
] 





3. O2 and Ar inlet flow rate 
1sccm = 1 mL/min, Avogadro’s Law: if an ideal gas -> 1 mol = 39.948 g [75] 
ρAr=1.784 g/L 
10 SCCM Ar/min => 10 SCCM/60(sec/min)* 1.784*10
-3
( g/ml) [typ for O2] 
Flow Ar = 2.9733*10^-7 kg/sec 
10 SCCM O2/min => 10 SCCM/60(sec/min)* 1.429*10
-3
( g/ml) [typ for O2] 
Flow O2 = 2.3816*10
-7
 kg/sec 
4. Ion inlet rate 
To calculate ion rate [kg/s] entering chamber to account for Cd2SnO4 mass deposited on the film, 
chamber surfaces, and outlet.  
4.1 To calculate deposition rate on glass 
   
 
 
                   [from XRD value of deposited film] 
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Density, t = thickness, m = mass, v = volume, SA = surface area 
   
      
     
                 
400 nm = film thickness after 100 mins (6000 seconds). 
 
  
              
  
   
 Target Deposition Rate on glass 
4.2 Efficiency calculation 
mass of Cd2SnO4 deposited vs mass loss of target [to determine mass loss to system], see 
appendix for data 
WEIGHTS [with CP225D Sartorius scale]: 
Unused target: CERAC   SS-973-2 x1/4” H636321-3 2.005” x 0.252” 
Weight = 60.47002 g 
Used target w/above depositions: CERAC  SS-973-2 x1/4”  H636321-2 2.005” x 0.252” 
Weight = 47.78549 g 
Calculated weight lost: 12.6845 g 
Total deposited volume: 1.342815 E-5 m x 0.076199m x 0.076199m = m3 
 (note 1 in = 25 400 000 nanometers, 3” = 2.54 x10
7
x 3 = 7.62 x10
7
 nm) 





Calculated deposited mass percentage: mass on films/ mass total [lost] 
Mass on films [all films deposited]: 
ρ = m/v  
ρ = 0.5335 e 4 kg/m3 [from XRD] 





m = ρ*v = 0.5335 x 10
4




=          g 
Mass total [lost]: 12.6845 g 
Deposited mass percentage: 0.4176414/12.6845 =          = 3.27935 % 
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4.3 To calculate efficiency-adjusted deposition rate for chamber 
Ion inlet was calculated to put exactly 400 nm over 3”x3” square in 100 mins [assumes 100% 
deposited mass percentage]. 
Actual mass percentage = 3.27935 % 
Ion inlet mass flow:                  kg/s 
Use ratio: 
3.27935*X =100 *                  kg/s 
Ion inlet mass flow with 3% efficiency:               kg/s 
5. Reaction Kinetics for Cd2SnO4 
Arrhenius rate is reflective of the dependence of the reaction to temperature.  
    
     (3.16) 
where k is the reaction rate, A is the pre-exponential factor, Ea is the activation energy, R is the universal 
gas constant, T is temperature. The reaction for this specialty material is not available due to its limited 
usage, so similar materials with similar bonds are referenced [cubic spinels with similar sized atoms].  
5.1 Pre-Exponential Factor 
Using a spinel activation energy of Cu1.25 Mn1.75 O4 between 1.32 and 1.96 eV at various 
temperatures [76]. Chose reasonable value – 1.5 eV 
5.2 Activation Energy 
Enthalpies of formation of 2-3 and 2-4 spinels [77]  
    ΔH   kcal/mol J/kmol 
CdAl2O4   4.49  187.987 
CdFe2O4   1.77  71.176 
Enthalpies of formation (ΔfH°, kJ/mol) from the elements were determined for zinc selenide 
(ZnSe) (−169.94 ± 4.31 kJ/mol), cadmium selenide (CdSe) (−139.04 ± 6.13 kJ/mol) [78]. 
Because these values vary significantly, a reasonable value [140 J/kgmol] was chosen that results 
in desired deposition rate that reflects standard experimental.  
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5.3 Arrhenius Equation Plots 
It is known experimentally that the deposition rate declines with increasing temperature, seen in 
the effective ‘sticking’ factor. In order to ensure this variation is seen, the Arrhenius rate must change 
over the investigated temperature region. Figure 3.88 shows a plot of the equation with both exothermic 
and endothermic and the shape of the curve for each.  The temperature coefficient is also varied.  
 
Figure 3.88: Arrhenius equation plots. 
 
It is seen that an exothermic -140 J/kgmol with a high negative temperature coefficient varies 
drastically within the 200-600 K region.  Thus these values should offer a difference at various 
temperatures, and deposition rate results can be plotted to a curve fit that is relatable to other 
temperatures.  
6. Reaction Kinetics for Cd2SnO4 site 
Used same as Cd2SnO4, except for activation energy [8 J/kgmol]. The theory behind this is site 
nucleation and lattice growth are the controlling forces for activation energy. The site species energy 
requirements should be less than the energy to combine the components on the surface sites.  
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7. Gas Inlet 
Mass flow rate + species from experimental settings: 10 sccm O2 and 10 sccm Ar  
Initial gauge pressure: estimated based on line pressure interrupted by flow controllers, and verified 
with 0 ion inlet flow and no reactions [to maintain ~1.33 Pa in chamber, as seen in experimental].  
8. TO VALIDATE AT HIGH TEMP 
Table 3.24: Experimental deposition details for T1. 
Temp [oC] mins Pressure [mtorr] Thickness [nm] 
27 100 10 400 
300 100 10 372.26 
400 90 10 270.13 
500 100 15 217.35 
500 180 17-22 261.5 
550 100 17 243.1 
550 200 20 281.51 
8.1 Calculate deposition rate for 550
o
C at 100 mins  
[see 4.1 and 4.2] 
   
 
 
                   [from XRD value of deposited film] 




          
        
                      
                   
243.1 nm = film thickness after 100 mins (6000 seconds). 
 
  
              
  
   
 Target Deposition Rate on glass  
7-2. Calculate deposition rate for 550
o
C at 200 mins 
          
         
                      
                     
281.51 nm = film thickness after 200 mins (12000 seconds). 
 
  
              
  
   
 Target Deposition Rate on glass  
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7-3. Calculate deposition rate for 500
o
C at 100 mins 
   
 
 
                   [from XRD value of deposited film] 




          
         
                      
                  
217.35 nm = film thickness after 100 mins (6000 seconds). 
 
  
            
  
   
 Target Deposition Rate on glass  
Calculate deposition rate for 500
o
C at 180 mins 
          
         
                      
                     
281.51 nm = film thickness after 200 mins (12000 seconds). 
 
  
              
  
   
 Target Deposition Rate on glass  
Boundary Conditions 
The boundary parameters are divided into eight sections, shown in Figure 3.89. Each section is 
defined for the standard, room temperature deposition. Additional settings will be detailed prior to the 
results.  
 
Figure 3.89: Geometry names for boundary conditions. 
 
The only actual measurements available in the system are the deposition rate, chamber pressure 
(measured near the outlet) and the glass deposition surface temperature. While materials are generally 
known, temperatures are estimated based on chamber geometry and either conductive or radiative 
heating. Further advancement of the model would require more instrumentation to accurately measure the 
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system temperatures. A detailed model outline is shown in the appendix, but a concise version 
corresponding to Figure 3.89 is given below. 
1. Chamber wall, no slip 
Species: Reaction, cd2sno4 on side wall, surface area washcoat factor: 1 
 
2. Constant t no dep base wall, no slip 
Species: no reaction, zero diffusive flux 
 
3. Gas Inlet – mass flow inlet 
Momentum: 4.763e-7  kg/s, initial gauge pressure = 26 Pa, normal to boundary 
Species: mole fractions  Ar = 0.333, O = 0.01 [ the remaining fraction is O2, typ] 
 
4. Gas Outlet – pressure outlet, gauge pressure= 1.9 Pa, backflow normal to boundary 
Average pressure specification 
Species: mole fractions Ar = 0.32, O = 0.001, Sn =0.001, Cd =  0.001 
[note: the pressure outlet was adjusted to achieve desired pressure in the upper portion of the 
chamber. The species fractions are estimated losses, primarily Ar and O2, from the chamber.] 
 
5. Glass dep surface- wall, no slip 
Material: borosilicate glass 
Species: reaction mechanism = cd2sno4 dep on glass, surface area washcoat factor = 1 
[note: the temperature is an average of room temperature deposition glass substrate temperature 
measured during multiple depositions. The plasma and reactions are found to increase the 
temperature over time, so a median was chosen.] 
 
6. Interior part deposition chamber edit 1 – interior 
 
7. Ion inlet – mass flow inlet, mass flow rate              kg/s, initial pressure = 2 Pa  normal 
to boundary 
Species: mole fractions Ar = 0, O = 0.4, Sn = 0.142857, Cd = 0.285714 
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[note: the temperature here is increased due to plasma interaction, and is an estimation based on 
other known temperatures as well as significant cooling around the target itself. The species are 
directly calculated as stoichiometric of Cd2SnO4.] 
 
8. Top of chamber – wall, no slip 
Species: reaction mechanism – cd2sno4 on side wall, washcoat factor = 1 
 
9. Chiller Plate, Al wall, no slip 
Thermal: heat flux, Heat flux = -0.2 w/m2, wall thickness= 0.002 m, Heat Generation = 0 w/m3   
[note this is set at T=275 K for room temperature deposition] 
Species: reaction mechanism – cd2sno4 on side wall, washcoat factor = 1 
 
Reactions and Species 
MATERIALS 
Mixture: 
 Selected species: ar, o, sn, cd, o2 
 Selected site species: cd2sno4-s 
 Selected solid species: cd2sno4 
Reactions: 
 Total # reactions – 4 
1. Cd2sno4 deposition, volumetric 













 Arrhenius Rate: [see Reaction Kinetics for Cd2SnO4] 
  Pre-Exponential Factor   1.5 
  Activation Energy (j/kgmol)   -14000 
  Temperature Exponent   -5 
2. Surface sites to Cd2sno4, wall surface 









 Arrhenius Rate: 
 Pre-Exponential Factor   1.5 
 Activation Energy (j/kgmol)  8 
 Temperature Exponent   1 
3. O and Ar Mix, volumetric 











 Arrhenius Rate: 
 Pre-Exponential Factor 10 
 Activation Energy (j/kgmol) 0 
 Temperature Exponent 0 
 Include Backward Reaction 
4. O to O2, volumetric 







 Arrhenius Rate: 
 Pre-Exponential Factor  1 
 Activation Energy (j/kgmol) -249  [79]  
 Temperature Exponent 0,  Include Backward Reaction 
Mechanisms 
1. O and Ar mix and O to O2, Volumetric 
2. Cd2sno4 dep on glass, wall surface 
Number of sites – 1 
Site-1: 1.94 e-12 site density [kgmol/m2] 
 Total # site species = 1 
 Cd2sno4-s initial site coverage = 0 
3. Cd2sno4 on side wall, wall surface 
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Number of sites – 1 
Site-1: 1e-13 site density [kgmol/m2] 
 Total # site species = 1 
 Cd2sno4-s initial site coverage = 0 
Mixture settings 
Density (kg/m3) – ideal gas 
Cp (specific heat) (j/kg-K) – ideal-gas-mixing-law 
Thermal Conductivity (W/m-K) – Ideal gas mixing law 
Viscosity (kg/m-s) – Ideal gas mixing law 
Mass Diffusivity (m2/s) – Kinetic theory 
Thermal Diffusion Coefficient (kg/m-s) – kinetic theory 
[NOTE INDIVIDUAL COMPONETS OF THE MIXTURE ARE LISTED IN THE TABLES] 
Table 3. 25:Properties of Species 
Properties of 
Species 











Parameter units Cd2SnO4 
_s 
Cd2SnO4 Cd Sn O2 Atomic O Ar Al Borosilicate 
Glass 











Formula  Cd2SnO4 -
s 
Cd2SnO4 Cd Sn O2 O Ar Al - 
Density kg/m3 5335 [A] 5335 [A] 8650 [80] 7300 [81] 1.2999 0.649961 1.6228 2719 2230 [82] 
Cp (specific 
heat) 
j/kg-K - - 230 [80] 227[81] 919.31 1368.75 520.64 871 830 [83] 
Thermal 
Conductivity 
W/m-K - - 96.6 [80] 66.8 [81] 0.0246 0.03674 0.0158 202.4 1.12 [83] 




1.92e-5 1.89E-05 2.13E-05 - - 
Molecular 
Weight 








0 2.49E+08 -3117.71 - - 
Standard 
State Entropy 
j/kgmol-K - - 167749 
[85] 
168492[86] 205027 160932.6 154719.3 - - 
Reference 
Temperature 








1.51 [80] 1.405[81] - - - - - 
L-J Energy 
Parameter [k] 
K - - guess 78.6 
[default] 




The Fluent model was run on a Windows 64-bit OS, Intel Core ™ i7-2640M CPU @ 2.80 GHz, 8 
GB RAM. The laptop processing power to handle the complex chemistry limits the nodes in the grid as 
well as to single precision when run in parallel.  A pressure based solver with absolute velocity 
formulation was used for the low-pressure diffusion flow. A transient time step was required due to initial 
values and chemical reactions, but a steady state is achieved after <17 seconds.  
A grid sensitivity study as well as time step study was done [APPENDIX I: FLUENT MESH 
SIZE AND TIME STEP STUDY] to determine viable settings. The mesh had 187564 elements with 
35291 nodes and used a triangular grid for rapid solving and effective interfaces. Sizing was related to 
curvature with medium smoothing and slow, smooth transitions, with a minimum edge length of 1e-3 in. 
The entire mesh was fine due to initial difficulties with resolving solutions at wall boundaries.  
 
Figure 3.90: Mesh for final model. 
 
Figure 3.91: Mesh detail on inlet and outlet detail. 
 






Figure 3.93: Mesh detail for glass deposition surface and top of chamber. 
3.5.5   Calculation Studies 
The solution used SIMPLE scheme with the following spatial discretization: 
  Gradient: Least Squares Cell Based 
  Pressure: Standard 
Density, etc: First Order Upwind 
Transient Formulation: First Order Implicit 
 The solution control under-relaxation factors are set as follows: 
Pressure- 0.3 Density -1 Body Forces -1 
Momentum – 0.7 Ar, o, sn, cd, energy - 1  
 The solution initialization is set with the given boundary conditions at the Gas Inlet however the 
X and Z velocities are set at 1 m/s to initiate gas motion. The calculation itself is done in a transient solver 
with a fixed time step of 0.025 seconds, 800 time steps, and a maximum of 50 iterations per time step. 
The entire cycle lasts 20 seconds, but stabilization occurred at 17 or less seconds, seen in Figure 3.94. 




Figure 3.94: Residuals, typical of all runs. 
 
Table 3.26 lists the variations of temperature settings for the deposition temperature tests of 20, 
300, 400, and 550
o
C that have existing experimental deposition rate data. 
Table 3.26: Component settings for tests at 20, 300, 400, 550
o
C. 
component variable [units] 20C 300C 400C 550C 
chamber wall Temperature [K] 290.15 330 350 450 
constant t no dep base wall Temperature [K] 290.15 296 300 400 
gas inlet Temperature [K] 290.15 290.15 290.15 290.15 
gas outlet backflow total temp [K] 290.15 315 315 315 
glass dep surface Temperature [K] 290.15 573.15 673.15 823.15 
ion inlet total temperature [K] 300 375 400 500 
top of chamber Temperature [K] 290.15 565 665 815 
chiller plate Temperature [K] 275 - - - 
Heat Flux [W/m2] - -0.2 -0.2 -0.2 
3.5.6   Results – temperature variation 
The 2D center cut is used to illustrate results within the chamber and is consistent over the main 









Total pressure refers to the operating pressure + static pressure + dynamic pressure. For 20-550
o
C 
these results are the same, consistent with pressure settings of experimental deposition. 
 
 





Static pressure progresses from the 20
o
C figure to 550
o
C where intermediate temperatures are 














C are very similar, 400
o










Density is inversely related to temperature (density = mass/volume, PV=nRT), seen clearly in the 
high temperature images. 
Deposition Rate 
Deposition rate is calculated from the surface deposition rate [kg/m
2
s] divided by the density of 
Cd2SnO4. A comparison of the model values (initially set to the 20
o
C deposition rate) is done in Figure 
3.99. 
 
Figure 3.99: Plot of deposition rates for experimental and modeled. 
 
 It is seen that the linearity of the deposition rate is not consistent with a -T
4
 Arrhenius equation, 
indicating other variables must be dominating. As temperature increases, density decreases, reducing the 
number of available ions near the surface. This would lead to a slower deposition, however some other 
aspect is overcompensating in the other direction.  
 The experimental deposition decreases with increasing temperature, attributed to the plasma 
interaction with the target and reduced sticking coefficient. The actual density in proximity to the 
modeled ‘ion inlet’ and localized pressures control the effectiveness of the plasma. It is clear without 
consideration of the plasma interaction, a sole diffusion model cannot effectively predict deposition rates. 
A plasma model was chosen to be done in COMSOL due to its strength in multiphysics and plasma 
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3.5.7  Conclusions 
Due to the plasma interaction, integral in the ion generation, the Fluent model is incapable of 
valid prediction of deposition rates. A COMSOL model was then designed with the purpose of result 
integration at various plasma environments. It is intended to combine the two models (results from 
Comsol to Fluent ion inlet values) in future works. 
3.6 COMSOL Model – Plasma Characterization 
COMSOL 4.2a Plasma module was used to characterize plasma variations with pressure and 
temperature with the intent of bolstering the validity of the Fluent model. The plasma module was 
released in 2010, and is a relatively new and limited tool at Mines. The model was not initially done in 
Comsol due to limitations with the availability of the plasma module, but Comsol is more effective for 
multiphysics calculations than Fluent. The two models can be combined, or chemical parameters in 
Chemkin can be incorporated into the Comsol file (from Fluent model chemistry base). 
3.6.1   Problem Schematic 
The goal is to investigate plasma variations and offer parameters for future work with combing 
the results in the Fluent model. Thus a simplified and scaled-down geometry still offers valuable results in 
understanding. Also by utilizing a smaller geometry than the fluent model of the chamber, multiple 
variables can be compared efficiently. It is also noted that by removing the chamber gas inlet and outlet 
and target orientation, the geometry becomes axisymmetric about the y-axis. 
 
Figure 3.100: Geometry of chamber -Fluent 
model. 
 





3.6.2   Boundary Conditions and Setup 
In order to model the RF power supply that sustains the plasma, a 2-coil power source 13.56 MHz 
coupled with a dielectric conductive material (gray). The electrical configuration of the coils to best 
represent the actual sputter gun is shown in Figure 3.102.  
 
 
Figure 3.102: Schematic of magnetic field seen in sputter target. 
The magnetic field generated with the RF powered magnet setup in the sputter head is detailed 
previously in Figure 3.54. The toroidal magnetic field is generated in the model with two coils having 
opposite current flow. The current is set at the same value (Isp), correlated directly to power as the 
resistance in the coil is low [measured in the model at 0.032Ω after inductance stabilization, at 1e-4 
seconds]. The standard V=IR power relations are valid once steady state has been reached (Figure 3.103).  
 
 
Figure 3.103: Coil resistance and power at 300-0.01-56. 
 
Figure 3.104 shows the models calculated electric field, similar to what is expected in the 




Figure 3.104: Electric field and normal magnetic field of the modeled coils. 
 
The model is run as a 2D axisymmetric with Inductively Coupled Plasma, in a transient 
frequency. The Isp is calculated to achieve 100 W power, seen in Table 3.27  
Table 3.27: COMSOL variables. 
Variable Description Value Units 
Isp Coil current 56-80 A 
µn Electron Mobility 4E24 1/(m*V*s
2) 
T0 Gas Temperature 300-823.15 K 
P0 Gas Pressure .01-.02 torr 
 
Figure 3.105: Model and boundary conditions. 
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The electron density and mean electron energy are computed by solving a pair of drift-diffusion 
equations (detailed in the Comsol manual [87]): 
     (3.17) 
where ne is the electron density (1/m
3
), Re is the electron rate expression (1/(m
3
·s)), μe is the electron 
mobility which is either a scalar or tensor (m
2
/(V·s)), E is the electric field (V/m), and De is the electron 
diffusivity. The diffusivity term represents diffusion of electrons from high to low electron density.  The 
electron diffusivity, energy mobility, and energy diffusivity are computed from the electron mobility 
assuming a Maxwellian electron energy distribution function: 
     (3.18) 
where Te is electron temperature, a function of the mean electron energy [ε]. Re is the electron source 
term, the combined electron impact reaction rates that make up the plasma chemistry.  Rε is the electron 
source term times the energy loss for each corresponding reaction. The source coefficients in the above 
equations are determined by the plasma chemistry using rate coefficients. M reactions contribute to the 
growth or decay of electron density and P inelastic electron-neutral collisions. The electron source term is 
calculated with equation 3.19: 
          (3.19) 
where xj is the mole fraction of species x for reaction j, Nn is the total neutral number density [1/m
3
], and 
kj is the rate coefficient [m
3
/s]. The electron energy loss is obtained by summing the collisional energy 
loss over all reactions where Δεj is the energy loss from reaction j [V]. The rate coefficients are calculated 
from cross section data by the following integral: 
              (3.20) 




], ε is energy [V], me is the electron mass [kg], σk is the collision cross 
section [m
2
], and f is the electron energy distribution function. In the model, the cross section of the 
plasma is imported from the Comsol tutorial with similar plasma characteristics.  
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The solid materials (anything other than the blue plasma area) use Amperes law, which states for 
any closed loop path the sum of length elements x magnetic field along the length is equal to the 
permeability times the electric current enclosed in the loop. The coil excitation gives a set circuit, with 
calculated voltage: 
    (3.21) 
The blue represents the plasma location and has a relative permittivity and permeability of unity. 
The two coils shown have the same properties with an added electrical conductivity of 6x10
7
 S/m, 
consistent with stainless steel. The light gray surface has no conductivity, but a permittivity of 4.2 and 
permeability of 1. The chamber walls (boundaries) are both magnetically insulating and zero charge, with 
a reflection coefficient of 0.2. A cross section import of the plasma profile initializes the plasma profile 
consistent with plasma sputter deposition. 
Argon is used instead of the 1:1 Ar – O2 mixture found in the chamber. The oxygen is included in 
deposition to maintain stoichiometry. The Ar is the predominant initiator of target atomization and 
deposition due to its greater atomic weight. Argon also has well-understood mechanisms for electron 
interaction at low pressures.  
Table 3.28: Reactions in the plasma field. 
Formula Type Δε (eV) 
e + Ar → e + Ar Elastic 0 
e + Ar → e + Ars Excitation 11.5 
e + Ars → e + Ar Superelastic -11.5 
e + Ar → 2e + Ar+ Ionization 15.8 
e + Ars → 2e + Ar+ Ionization 4.24 
Ars + Ars → e + Ar + Ar+ Penning ionization - 
Ars + Ar → Ar + Ar Metastable quenching - 
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In comparison to the reactions of Table 3.28, the walls act as a ground where Ars and Ar+ lose 
energy and revert back to steady state Ar 100% of the time. The kinetics of the penning ionization is set at 
k
f




of the quenching is 1807. Argon is selected to fulfill the mass constraint as it has 
the largest mass fraction. Initial values at set at initial electron density ne,0 = 1E15 1/m
3
, initial mean 
electron energy ε0 = 5V. 
3.6.3   Mesh 
The geometry chosen is similar to a successfully operating model proved by Comsol and 
modified to emulate the experiment for first order investigation [88], thus the mesh settings can be 
consistent for accurate results over a medium range of settings (Figure 3.106). Large variations in 
parameters will include more detailed mesh validation. 
 
 
Figure 3.106: Mesh image. 
3.6.4  Model Parameters 
The ICP inductively coupled plasma (ICP) model is used with Heavy Species Transport of 
Argon. The transient times are run as 10e-8 to 10e-3 with a step size of 5/20. Steps: {0, 1.0E-8, 1.778E-8, 
3.162E-8, 5.623E-8,1.0E-7, 1.778E-7, 3.162E-7, 5.623E-7, 1.0E-6,.778E-6, 3.162E-6, 5.623E-6, 9.999E-
6, 1.778E-5, 3.162E-5,5.623E-5, 1.0E-4, 1.778E-4, 3.162E-4, 5.623E-4, 0.001}. 
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3.6.5   Studies 
To date the analysis considers pressures at 10 mtorr (standard) and 20 mtorr. The temperatures 
corresponding to a room temperature deposition (300K) and ~550
o
C deposition (823.15K) also make up 
the test matrix. Two studies are done: one is pressure and temperature at 56A, the second is with 80A.  
Table 3.29: Study 1 and 2 parameters for Comsol modeling. 
Study temperature pressure coil current 
1 K mtorr A 
 300 0.01 56 
 300 0.02 56 
 800 0.01 56 
 800 0.02 56 
2 300 0.01 80 
 800 0.01 80 
Table 3.29 shows the studies done to investigate the impact of pressure, temperature, and power 
on the plasma in the chamber. It is postulated that due to the reaction taking place beyond the skin depth, 
small variations in current [±50 A] do not have a significant impact on the plasma structure or reactions. 
The skin depth of the plasma is on the order of 1cm, preventing the electric field from penetrating 
into the core of the plasma. The charge in the plasma moves to counteract the electric field, neutralizing it 
after that distance. The skin depth is defined as: 
  √
 
   
       (3.21) 
where μ is the permeability, σ is the plasma conductivity, and ω is the angular frequency. Even if the 
plasma model significantly differs, far field interactions outside of the skin depth are valid. 
The label on each figure is X – Y – Z, where x is temperature [K], y is pressure [torr], and z is 
current [A]. As this is a transient model, almost all of the results are compared at 1e-6 seconds. This time 
is chosen as it is long enough to move past the initial conditions however some temperature and pressure 
combinations are not able to solve past 1e-5 seconds. The results shown here converge over the entire 
time period (1e-8 to .001 seconds), but figures were limited to enable future comparisons. 
Study 1 
Electric Potential 
Table 3.30 shows the progression of the model for 300-0.01-100 at various time steps. The 
electric potential (ne) is determined by electric field and is calculated by the electric potential energy 
divided by the charge of the particle: 
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         (3.22) 
where ϕ is a varying electric potential, Te is electron temperature, e is electron charge. The electric 
potential decreases as time increases due to ion charge transport. 
Table 3.30: Progression of electric potential for [300-0.01-56]. 
 
Time: 1e-7 
Max: 6.1632 V 
 
Time: 1e-6 





Max: 1.883 V 
 
Time: 1.778279e-5 
Max: 1.5839 V 
The profile development is reflective of electron motion throughout the chamber, with initial 
chamber at a single voltage. The chamber max V decreases to 1.58V as steady state is approximated, seen 
in Table 3.30 for 300-0.01-56. 
 Table 3.31 is seen to have a more confined profile, but at lower voltage than the 1.78e-5 second 
run. The high temperature low pressure (800-0.01-56) has the lowest maximum electric potential, but the 
low temperature high pressure has almost double the voltage. Where 300-0.01-56 and 800-0.02-56 
approximate the actual deposition environment, the profiles of electric potential are nearly identical. 
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Electron Density  





is seen with 300-0.02-100. Higher pressure and lower temperature achieves higher 
electron density. The experimental data of Cd2SnO4 sputtering does not necessarily follow this trend; 
higher pressures are seen to decrease deposition rate, relatable to a decrease in the electron density. 
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However the thermal trend is accurate, where higher temperature decreases the effective deposition rate. 
One thought to explain the pressure is that Cd2SnO4 is not added to the model, and ions attempting to 
move towards the substrate may interact with other atoms that disrupt the oriented course (lower mean 





















Total Flux Ars 
Ars refers to the excited Ar ions that are involved in either excitation or ionization. Interaction 
with the wall is known as quenching, and will result in removal of the excitation energy. The maximum 




with the test parameters 300-0.02-100. It is seen that higher pressure and 
lower temperature gets higher electron flux. The flux is higher around the edges, and at high temperatures 
is significantly lower. 












Number Density Ars  
The number density shows the density of excited Ar atoms. There is a clear variation in the 
profile shapes of the different tests; high temperature and low pressure gives the most uniform profile 
however it has the lowest number density. High temperature in general is seen to decrease the number 
density of Ars by 10
2




with the test parameters 300-0.02-100. It is seen 
that higher pressure and lower temperature gets higher electron density. For higher number densities, the 
profile is largest in the center of the chamber. This is consistent with the reactions: formed by high energy 
electrons and lost to either ionization or quenching. Unlike charged species, there is not as rapid a drop in 
density near the walls.  One thought on what causes the significant profile variation in higher 
temperatures, is it may simply have a slower progression, indicated by comparisons of earlier time steps. 











Total Flux Ar 
The total flux of Ar is very close to the inverse of the total flux of Ars. Ar is generated at the 





and spread to the entire edge of chamber.  










Number Density Ar  
The number density of Ar refers to the location of the Argon atoms in the chamber, and is 
concentrated at the walls, where Ar is formed by quenching. At time 1e-3 seconds, the maximum value, 
6.43 x10
20
 Pa, is seen with 300-0.02-100. A higher pressure and lower temperature increases the Ar 
density. This is assumed to be due to the increased number of atoms in general in the chamber. At higher 
temperatures, the number density also decreases. Once again, this relationship may be altered due to a 
lower density gas (at higher temperatures). 











E Rate Expression  
The electron rate expression [mol/m
3
-s] refers to the amount of electrons participating in 
reactions: exciting atoms, or being generated. This is directly related to ionization or excitation reactions, 
and helps describe the flux and number density seen in Ar, Ars, and Ar1p.  





















The rate expression is the most different in the plasma formation (Table 3.31) but fairly similar at 
steady state. High temperature profiles are concentrated in the large cavity of the chamber, while low 
temperatures are concentrated in the extremities and more averaged throughout, and lower in general. One 
example is that for the Ar+ number density there is little variation; the electron rate expression however is 
very different at different chamber parameters. This is what dictates the deposition variation. At high 
pressures, there is a higher reaction rate but is very concentrated. Higher pressure also has less e- at edges, 
indicative of a low lifetime (where pressure causes atoms to quench faster than produced). The high 
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temperature has a lower general value, corresponding to the slower deposition rates seen experimentally. 
The low pressure high temperature has values so low the plasma cannot sustain itself in the lab chamber.  
Reaction Rate Ar 
 The reaction rate of Ar refers to the rate at which Ar is either “generated or destroyed” in terms of 
the available reactions, quenched from an excited state or excited by electrons or other species. There is 
not a significant difference in the low to high pressures with the density along the thinner portion of the 
chamber (Table 3.38), where the magnetic and electric field is strongest. One noticeable comparison is 
from low pressure, low temperature (a standard deposition) and high pressure, high temperature (used for 
high temperature depositions). The profile and maximum values are approximately the same, but the 
reaction rate of the high temperature is slightly lower. 











Mole Frac Ars  
The mole fraction of Ars refers to the amount of Ars in the chamber at .001 seconds, and is very 
similar to the number density of Ars. 









Number Density Ar1p 
Ar1p refers to penning ionization (Ars + Ars → e + Ar + Ar+), and primarily is away from the 

















Ohmic resistive losses are caused by induced currents [MW/m3] in a transient electrical system, 
and can change the magnetics.  The higher temperature tests decrease the resistance (10
-4
) compared to 
the lower temperature tests (10
-3
). The electric field changes with the resistive loss profile, as seen 
previously in Figure 3.104. 
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Collisional Power Loss 
Collisional power loss refers to the energy exchange rate of momentum transfer in terms of the 
dynamical friction vector and the velocity diffusion vector. The negative values relate to a loss in system 
energy due to collisions. Higher pressure and lower temperature create significantly higher collisions, 

















Electric Field Normal 
With an increase in power, both the electric and magnetic field intensity increase (1845 – 2636 
W/m, a 43% increase; and 2.25-3.21 x 10
4
 A/m, 43%). The profiles stay the same.  
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Table 3.43: Electric Field Normal – study 2. 
 




300 and 800-0.01-56 
 
300 and 800-0.01-56 
Electric Potential 
The electric potential is exactly the same for 56 and 80A.  
Electron Density 





























Total Flux Ars 
Ars refers to the excited Ar ions that are involved in either excitation or ionization. There is a 
small increase in the Ars flux with an increase in power, 2.8% for 300K, 0.86% for 800K.  
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Number Density Ars  
The number density is similar to mole fraction and shows the density of excited Ar atoms. There 
is a small increase in the number density as power increases, 2.95% for 300K, 0.798% for 800K. 
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Total Flux Ar 
The total flux of Ar is very close to the inverse of the total flux of Ars. Ar is generated at the 
walls where excited argon ions are quenched. There is a small increase in Ar flux with increased power, 
2.8% for 300K, 0.51% for 800K. 
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Number Density Ar  
The number density of Ar refers to the location of the Argon atoms in the chamber, and is 
concentrated at the walls, where Ar is formed by quenching. The number density of Ar is the same for 
both low and high power.  
E Rate Expression  
The electron rate expression [mol/m
3
-s] refers to the amount of electrons participating in 
reactions: exciting atoms, or being generated. This is directly related to ionization or excitation reactions, 
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and helps describe the flux and number density seen in Ar, Ars, and Ar1p. There is a slight increase in the 
electron rate expression at higher power, 6% for 300K, 18.3% for 800K. 









Reaction Rate Ar 
 The reaction rate of Ar refers to the rate at which Ar is either “generated or destroyed” in terms of 
the available reactions, quenched from an excited state or excited by electrons or other species. There is a 
slight increase in the reaction rate of Ar at higher power, 28% for 300K, 2.3% for 800K. 
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Mole Frac Ars  
The mole fraction of Ars refers to the amount of Ars in the chamber at .001 seconds, and is very 













Number Density Ar1p 
Ar1p refers to penning ionization (Ars + Ars → e + Ar + Ar+), and primarily is away from the 
walls, as it turns to Ar with quenching. Table 3.40 shows the trials are all very similar, an increase of 
0.01% or less with an increase in power. 
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Ohmic resistive losses are caused by induced currents [MW/m3] in a transient electrical system, 
and can change the magnetics.  With an increase from 56 to 80 amps, the resistive loss nearly doubles. 
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Collisional Power Loss 
Collisional power loss refers to the energy exchange rate of momentum transfer in terms of the 
dynamical friction vector and the velocity diffusion vector. The negative values relate to a loss in system 
energy due to collisions. The collisional power loss is increased by 0.9% for 300K and 1% for 800K. 
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3.6.6   Conclusions 
The primary result is validation that plasma interactions are significantly different in various 
environments. Increasing pressure with a lower temperature was seen to increase the plasma in general 
(electron rate expression, Ars interactions) but may be due solely to an increased gas density. Profile 
variations are extremely descriptive in terms of plasma location. The plasma is clearly not consistent near 
the actual electrical source, and is a possible explanation on why experimentally the plasma requires 
higher pressures to be sustained. An increase in power from a higher current increases many of the 
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reaction rates and densities of species due to a doubling of both the electric and magnetic field power. 
Larger increases are seen more in the low temperature regimes.  With this model, interactions with 
various gases, magnetic fields, and power sources can be investigated as well as the demonstrated 
temperature, pressure, and current. Quantitative correlation with actual deposition rate requires interfacing 
this model either with the Fluent model as an initial energy component, or incorporating the chemical 
reactions with Chemkin in Comsol and negating fluid effects. Computational power will be a significant 






















CHAPTER 4: CONCLUSIONS 
Six studies in this work were done to enhance the technical knowledgebase and industry 
processing of the Cd2SnO4: mechanical film properties, tantalum doping, pulsed-DC compared to RF 
plasma deposition, and modeling of the sputter system in Fluent and Comsol. 
The mechanical properties, determined from nanoindentation measurements, are valuable for flexible 
substrate design and topcoats in the electronics industry. It was found films annealed in oxygen rather 
than nitrogen increases elastic modulus by 16% and hardness by 32%, but film electrical and optical 
properties were degraded.  
Investigation of tantalum n-type dopant in Cd2SnO4 TCO was done to eliminate the need of the post-
anneal with a CdS plate. The goal being to reduce manufacturing costs and increase the efficiency that is 
seen in industrial manufacturing processes as compared to lab-scale films. The variables considered were 
doping level (0-10% Ta by weight), deposition pressure and temperature (20-550
o
C), and post-anneals 
with and without a CdS plate. Film quality was quantified using electrical, optical, and crystalline 
measurementes (Hall effect and profilometer, spectrophotometer, XRD). It was found 1-10% doped 
targets (T2-T4) were less effective in terms of conductivity, mobility, and carrier concentration compared 
to undoped (Cd2SnO4). XRD showed the doped films were amorphous when deposited at low 
temperatures, even with 600
o
C standard anneals. High temperature post anneals above 800
o
C were done 
try and reach a conductive crystalline film unachieved at 600
o
C. Quartz and C-Si were used as substrates 
due to CTE mismatch with borosilicate glass, but high Ta level films resulted in crystallized Ta2O2.2, 
which is less conductive than Cd2SnO4.  
One significant discovery made in this study is similar film properties to Cd2SnO4 can be achieved 
with a 550
o
C undoped deposition with a standard anneal (0.85 mΩ-cm, 31.3 cm
2





compared to the standard 20
o
C film with CdS anneal (0.60 mΩ-cm, 30.1 cm
2





film may be competitive in industry as an improvement for the current FTO (SnO2:F) as the plate anneal 
was the primary limitation on Cd2SnO4 usage. Further work involving a cost-analysis and required surface 
coatings to the industry standard soda lime glass is recommended to move forward to large scale 
manufacturing. 
Pulsed DC plasma sputtering was investigated to enhance Cd2SnO4 film properties and is known 
to deposit faster than with RF for certain materials. For room temperature deposition (20
o
C), the RF is 
most effective method. It was found PDC improves film qualities at deposition temperatures of 300
o
C and 
above, compared to standard RF Cd2SnO4 films. Even without any anneal, the 530
o
C PDC deposition has 
good properties (resistivity-9.5 mΩ-cm, mobility-45.5 cm
2







compared to the RF 550
o
C (1.04 mΩ-cm, 24.2 cm
2




). While conductivity is not as 
high with PDC, the mobility of the film is outstanding. With added CdS anneals, deposition temperatures 
300
o
C and above (.64-.53 mΩ-cm, 31.6-44.5 cm
2




) give improvements to the 
standard RF film. Deposition rates [nm/min] of these PDC films is increases 6-21% over RF at 
corresponding temperatures. Further investigation of the intermediate temperatures (300 and 400
o
C) of 
75W, 100 kHz Pulsed DC powered PVD is viable research in efforts to increase efficiency in the TCO 
and improve large-scale manufacturing processing of CdTe PV. Integration into full CdTe films has not 
yet been attempted.  
A Fluent model was done of the sputter chamber with gas and surface reactions in order to 
approximate deposition rates and understand pressure, ion generation, and temperature components 
validated with experimental film deposition rates. The deposition rate cannot be characterized with ion 
inlet diffusion alone as the plasma interaction with the target changes significantly with system 
parameters. A second model in the Comsol plasma package was done to highlight these variations. The 
result is there is a solid base for a comprehensive model for the sputter deposition. The COMSOL model 
illustrates the variation between pressure and temperature for RF, and sheds light on why high 
temperature depositions must be run at pressures above the standard 10 mtorr. Further work to integrate 
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APPENDIX A: SUPPLEMENTAL FIGURES AND TABLES 
 
Figure A.1: XRD of glass substrate. 
 
Figure A.2: XRD of Si substrate. 
 
Table A.1: List of Thermal Oxide physical constants [48]. 




Dielectric Constant 3.9 
DC Resistivity @25ºC (Ω-cm) 10
16
 




Linear expansion coefficient (ppm/ºC) 0.05 
Refractive index 1.46 
Melting Point (ºC) ~1700 




Specific heat (J/gºC) 1.0 
Film stress (at 25ºC) dynes/cm2 2-4 x 10
9
 
IR absorption peak (mm) 9.3 









10 30 50 70
2Θ 







10 30 50 70
2Θ 
XRD of Si substrates 
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APPENDIX B: BAND GAP CALCULATIONS FOR T1-4 STUDY 
 
 
Figure B.1: T1 0% doped band gap calculation. 
 
Table B.1: Corresponding table to Figure B.1. 
sample m b 
x intercept 
[-b/m] 
R2 [correlation coefficient - degree of fit] 
RT+A 9.37E+08 -2.74E+09 2.929 9.98E-01 
T1 300C 4.57E+08 -9.55E+08 2.091 0.983107492 
300+A 8.99E+08 -2.48E+09 2.762 9.82E-01 
400 1.73E+09 -4.87E+09 2.821 9.97E-01 
400+A 1.18E+09 -3.51E+09 2.966 9.88E-01 
550 1.23E+09 -3.62E+09 2.948 0.9973202 


























T1 300C + A
T1 400C
T1 400C + A
T1 550




Figure B.2: T2 1% doped band gap calculation. 
 
 
Table B.2: Corresponding table to Figure B.2. 
sample m b 
x intercept 
[-b/m] 
R2 [correlation coefficient - degree of 
fit] 
T2 RT 1.14E+09 -3.33E+09 2.912 9.92E-01 
T2 RT +A 1.13E+09 -3.25E+09 2.871 9.95E-01 
T2 300 2.51E+09 -6.82E+09 2.718 9.97E-01 
T2 300 + A 2.79E+09 -8.15E+09 2.917 9.96E-01 
T2 400 1.65E+09 -4.56E+09 2.758 0.997951424 
T2 400 +A 1.67E+09 -4.91E+09 2.944 9.81E-01 



















T2 RT + A
T2 300C
T2 300C + A
T2 400C





Figure B.3: T3 5% doped band gap calculation. 
 














degree of fit] 
R2 for 
adjusted 
T3 RT 5.73E+08 -1.72E+09 2.997 9.64E-01   
T3 RT +A 7.27E+08 -2.09E+09 2.882 0.986549838   
T3 300 3.90E+08 -1.16E+09 2.960 9.26E-01   
T3 300 +A 3.66E+08 -1.11E+09 3.027 0.906635692   
T3 400 1.08E+09 -3.25E+09 3.000 9.70E-01   
T3 400 +A 5.01E+08 -1.55E+09 3.103 7.77E-01 9.49E-01 
T3 550 5.77E+07 -1.79E+08 3.100 8.04E-01 9.55E-01 





















T3 400C + A
T3 550C
T3 550 +A
y = 5.00951174E+08x - 1.55425319E+09 
R² = 9.48770719E-01 
y = 5.76625143E+07x - 1.78734522E+08 






















Figure B.5: T4 10% doped band gap calculation. 
 




Table B.4: Table corresponding to figure B.5 and B.6. 




R2 [correlation coefficient - 
degree of fit] 
R2 for 
adjusted 
T4 RT 1.07E+08 -3.27E+08 3.070 7.37E-01 9.18E-01 
T4 RT + A 8.33E+08 -2.52E+09 3.018 9.29E-01   






















T4 RT + A
T4 400C
y = 1.06516168E+08x - 3.27012355E+08 
R² = 9.18356530E-01 
y = 2.37034890E+08x - 7.25847173E+08 



















APPENDIX C: THICKNESS ERROR – ROUGHNESS MEASUREMENTS 
Table C.1: T1 profilometer data. 
 





Table C.3: T3 profilometer data. 
 





APPENDIX D: XRD FOR T2 
Table D.1: T2 doping peak comparison. 
Angle [θ] H K L notes 
22.98 0 0 1 T2 not T2+A 
25.823 3 2 0 T2 not T2+A 
32.523 3 1 1 T2+A only 
37.832 4 1 1 T2 not T2+A 
39.944 4 2 1 neither 
 
Figure D.1: XRD fit for T2 Cd2SnO4. 
 




Figure D.3: XRD fit for T2 and 300
0
C RT - SnTa4O11. 
 
Figure D.4: XRD fit for T2 RT and 300
0
C A- SnTa4O11. 
 
Figure D.5: XRD fit for T2 RT and 300
0




Figure D.6: XRD fit for T2 RT and 300
o
C A- Cd2Ta2O7. 
 
Figure D.7: XRD fit for T2 300
o
C + A – SnTa2O7. 
 
Figure D.8: XRD fit for T2 300
o




Figure D.9: XRD fit for T2 300C+A – Ta. 
 
Figure D.10: XRD fit for T2 high T – Cd2SnO4. 
 




Figure D.12: XRD fit for T2 high T – CdSnO3. 
 





Figure D.14: T2 XRD. 
 
 
























T2 XRD Data 
T2 RT T2 400C T2 300C T2 RT Std A




























T2 XRD Data 
Glass T2 RT T2 RT Std A T2 300C
T2 300C Std A T2 300C 800A T2 400C T2 550C
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APPENDIX E: XRD FOR T3 
 






















10 20 30 40 50 60 70
2Θ 
T3 XRD Data 
T1 RT Std A
T3 RT
T3 RT Std A
T3 300C
T3 300C Std A
T3 300C 800 A
T3 400C
T3 400C Std A
T3 400C 850 A
T3 550C
T3 550C
T3 550C Std A
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APPENDIX F: TARGET HISTORY FOR CD2SNO4 DEPOSITION EFFICIENCY 
 
Table F.1: T1 target history up to PDC sputtering. 
  material time thickness 
    minutes nm 
2012-02-02   146 400 
2011-12-15-A SANTE 100 400 
2011-10-12-01 SANTE 25 100 
2011 10-12-04 SANTE 125 500 
 2011 10-12-03 SANTE 130 400 
 2011 10-12-02 SANTE 75 300 
 2011 10-12-01 SANTE 50 200 
2011-09-22 SANTE 50 200 
2011-09-14-01   75 300 
2011-09-14-02   25 100 
2011-09-14-03   50 200 
2011-09-14-04   100 400 
2011-08-31-2A SANTE 12.5 50 
2011-08-31-1A SANTE 12.5 50 
2011-08-31-3A SANTE 25 100 
2011-08-31-4A SANTE 100 400 
2011-05-12 Eagle 2000 100 400 
2011-05-03 Eagle 2000 100 400 
2011-04-11 Eagle 2000 100 400 
2011-03-14 Eagle 2000 100 400 
        
11-08-01 Eagle 2000 90 303.84 
11-08-11 Eagle 2000 100 400 
1-31-12 Eagle 2000 100 372.26 
2-2-12 Eagle 2000 100 217.34 
2-3-12 Eagle 2000 120 428.47 
2-13-12 Eagle 2000 90 270.13 
2-14-12 Eagle 2000 100 243.1 
2-18-12 Eagle 2000 180 261.5 
2-19-12 Eagle 2000 200 281.51 
File Name # of Depositions   Thickness (nm) 
2011-08-31 3 12.5 50 
    12.5 50 
    12.5 50 
  1 25 100 
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Table F1 continued. 
File Name # of Depositions   Thickness (nm) 
  1 50 200 
  1 100 400 
2011-09-14 1 25 100 
  1 50 200 
  1 75 300 
  1 100 400 
2011-09-21 1 50 200 
2011-09-30 1 50 200 
  1 75 300 
  1 100 400 
  1 125 500 
2011-10-12 1 25 100 
2011-12-14A 1 100 400 
2011-04-11x4 1 100 400 
  1 25 100 
2011-05-03x4 1 100 400 
  1 25 100 
        
totals   3818.5 13428.15 
    minutes nm 























APPENDIX H: FLUENT MODEL INSTRUCTIONS 
FLUENT LAUNCHER: 
Parallel – 4, single precision 
 
GENERAL: 
Solver: pressure based 






Viscous-Laminar [auto selects viscous heating] 
Species-Species Transport, Reactions 
 Volumetric 
 Wall Surface – mass deposition source, aggressiveness factor = 0.5 
Diffusion Energy Source 
Thermal Diffusion 
 Turbulent-Chemistry Interaction: Laminar Finite-Rate 




 Selected species: ar, o, sn, cd, o2 
 Selected site species: cd2sno4-s 
 Selected solid species: cd2sno4 
Reactions: 
 Total # reactions – 4 
5. Cd2sno4 deposition 















 Arrhenius Rate: 
 Pre-Exponential Factor   0.01 
 Activation Energy (j/kgmol)   140 
 Temperature Exponent   0 
6. Surface sites to Cd2sno4, wall surface 







 Arrhenius Rate: 
 Pre-Exponential Factor   10 
 Activation Energy (j/kgmol)  8 
 Temperature Exponent   0 
7. O and Ar Mix, volumetric 











 Arrhenius Rate: 
 Pre-Exponential Factor 1e+15 
 Activation Energy (j/kgmol) 1e+8 
 Temperature Exponent 0 
 Include Backward Reaction 
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8. Cd2sno4 deposition, wall surface 







 Arrhenius Rate: 
 Pre-Exponential Factor 1e+15 
 Activation Energy (j/kgmol) 1e+8 
 Temperature Exponent 0 




4. O and Ar mix and O to O2, Volumetric 
5. Cd2sno4 dep on glass, wall surface 
Number of sites – 1 
Site-1: 8.65e-11 site density [kgmol/m2] 
 Total # site species = 1 
 Cd2sno4-s initial site coverage = 0 
6. Cd2sno4 on side wall, wall surface 
Number of sites – 1 
Site-1: 1e-11 site density [kgmol/m2] 
 Total # site species = 1 
 Cd2sno4-s initial site coverage = 0 
Density (kg/m3) – ideal gas 
Cp (specific heat) (j/kg-K) – ideal-gas-mixing-law 
Thermal Conductivity (W/m-K) – Ideal gas mixing law 
Viscosity (kg/m-s) – Ideal gas mixing law 
Mass Diffusivity (m2/s) – Kinetic theory 
Thermal Diffusion Coefficient (kg/m-s) – kinetic theory 
[NOTE INDIVIDUAL COMPONETS OF THE MIXTURE ARE LISTED IN THE TABLES] 
 
CELL ZONE CONDITIONS: 
Fluid – mixture chamber 
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Reaction – mechanism = o and ar mix 
Operating conditions – operating pressure = 1 Pa 
 
BOUNDARY CONDITIONS: 
10. Chamber wall -  wall 
Momentum: stationary wall, no slip 
Thermal: temperature – 300K, wall thickness (m) = 0.01, heat generation rate (w/m3) = 0 
Material: Aluminum 
Species: Reaction, cd2sno4 on side wall, surface area washcoat factor: 1 
 
11. Constant t no dep base wall – wall 
Momentum: stationary wall, no slip 
Thermal: temperature – 300K, wall thickness (m) = 0, heat generation rate (w/m3) = 0 
Material: Aluminum 
Species: no reaction 
 
12. Gas Inlet – mass flow inlet 
Momentum: mass flow rate = 4.763e-7  kg/s, initial gauge pressure = 26 Pa, direction = normal to 
boundary 
Thermal: 290.15 K may need to change all the other ones 
Species: specify in mole fractions 
 Ar = 0.333 
 O = 0.01 
 
13. Gas Outlet – pressure outlet 
Momentum: gauge pressure= 1.5 Pa, backflow direction = normal to boundary 
Average pressure specification 
Thermal: 290.15 K 
Species: specify in  mole fraction 
 Ar = 0.32 
 O = 0.001 
 Sn =0.001 
 Cd =  0.001 
 
14. Glass dep surface- wall 
Momentum: stationary wall, no slip 
Thermal: temperature = 300K, wall thickness = 0.001 m, heat generation rate = 0 w/m3 
Material: borosilicate glass 
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Species: reaction mechanism = cd2sno4 dep on glass, surface area washcoat factor = 1 
 
15. Interior part deposition chamber edit 1 – interior 
 
16. Ion inlet – mass flow inlet 
Momentum: mass flow rate              kg/s, initial pressure = 1.33 Pa, direction = normal 
to boundary 
Thermal: 350K 
Species: specified in mole fractions 
 Ar = 0 
 O = 0.4 
 Sn = 0.142857 
 Cd = 0.285714 
 
17. Top of chamber – wall 
Momentum: stationary wall, no slip 
Thermal: temperature = 300K, wall thickness = 0m, heat generation rate = 0 w/m3 
Material: aluminum 
Species: reaction mechanism – cd2sno4 on side wall 
Surface area washcoat factor = 1 
 
18. Wall deposition chamber edit 2 simplification, wall 
Momentum: stationary wall, no slip 
Thermal: heat flux, Heat flux = -0.2 w/m2, wall thickness= 0.002m, Heat Generation = 0 w/m3   
Material: aluminum 
Species: reaction mechanism – cd2sno4 on side wall 




Spatial Discretization:  
 Gradient: Least Squares Cell Based 
 Pressure: Standard 
Density, etc : First Order Upwind 
Transient Formulation: First Order Implicit 
 
SOLUTION CONTROLS: 
Under-Relaxation Factors:  
 Pressure- 0.3 
179 
 
 Density -1 
 Body Forces -1 
 Momentum – 0.7 
 Ar, o, sn, cd, energy - 1 
 
SOLUTION INITIALIZATION: 
Compute from – GAS INLET (use auto settings except the following:) 
 X Velocity – 1 m/s 
 Z Velocity – 1 m/s 
 
CALCULATION: 
Time stepping method: fixed, time step size 0.1 s, # time steps 100 





APPENDIX I: FLUENT MESH SIZE AND TIME STEP STUDY 





The variations between trials A-E are considered in the plots below, F being the baseline 
assuming 0% error. Test F cannot be feasibly run with current processing power. 
 




























Figure I.2: Detail of figure J.1. 
The largest discrepancy in time steps is at 17 and 18: the residual mass imbalance High and Low. 
This is anticipated due to the complex energy equations. 
























APPENDIX J: BAND GAP CALCULATIONS AND ASSOCIATED ERROR 
Table J.1: Band gap best fit line values. 
sample m b x intercept R
2
 Band Gap 
T1 new 75W, 100KHz, 70 mins, 530C 3.51E+09 -9.87E+09 2.814 0.992 2.81 
T2 75W, 100KHz, 70 mins, 530C 6.36E+08 -1.83E+09 2.884 0.987 2.88 
T2 75W, 100KHz, 70 mins, RT 5.24E+08 -1.58E+09 3.004 0.937 3.00 
75 W, 100kHz, 70 mins , 400C 2.18E+09 -6.14E+09 2.821 0.993 2.82 
75 W, 100kHz, 70 mins ,530C 1.66E+09 -4.68E+09 2.819 0.981 2.82 
75W, 100 kHz, 70 mins, 300C 9.83E+08 -2.61E+09 2.658 0.992 2.66 
40W, 100kHz, 70 mins, RT 1.02E+09 -3.04E+09 2.989 0.963 2.99 
75W, 100kHz, 50 mins, RT 1.87E+09 -5.24E+09 2.797 0.992 2.80 
50W, 80kHz, 70 mins, RT 9.73E+08 -2.90E+09 2.982 0.947 2.98 
40W, 100kHz, 70 mins, RT 5.86E+09 -1.67E+10 2.852 0.98 2.85 
No A, 120W 60kHz 45 mins, RT 7.44E+08 -2.13E+09 2.869 0.986 2.87 
No A, 110W, 80kHz, 50 min, RT 3.99E+08 -1.18E+09 2.971 0.966 2.97 
No A, 100W, 100kHz, 42mins, RT 4.93E+08 -1.45E+09 2.935 0.978 2.93 
No A, 100W, 70 kHz, 45 mins, RT 5.17E+08 -1.51E+09 2.912 0.956 2.91 
No A, 125W, 100kHz, 40 mins, RT 1.92E+09 -5.51E+09 2.872 0.991 2.87 
No A, 110W, 80kHz, 50 min, RT 4.88E+08 -1.44E+09 2.944 0.967 2.94 
No A, 50W, 100kHz, 70mins, RT 1.26E+09 -3.78E+09 3.000 0.953 3.00 
No A, 100W, 100kHz, 30 min 5.29E+08 -1.60E+09 3.015 0.928 3.02 
CdS A T2 75W, 100KHz, 70 mins, 530C 5.07E+08 -1.51E+09 2.977 0.964 2.98 
CdS A T2 75W, 100KHz, 70 mins, RT 1.93E+08 -5.47E+08 2.835 0.753 2.83 
CdS A T1 new 75W, 100KHz, 70 mins, 530C 1.05E+09 -2.99E+09 2.851 0.977 2.85 
CdS A 75W, 100 kHz, 70 mins, 300C 8.56E+08 -2.55E+09 2.981 0.972 2.98 
CdS A 75 W, 100kHz, 70 mins , 400C 2.49E+09 -7.36E+09 2.960 0.956 2.96 
CdS A 75 W, 100kHz, 70 mins ,530C 1.16E+09 -3.42E+09 2.947 0.984 2.95 
CdS A 100W, 60kHz, 55mins, RT 6.78E+08 -1.92E+09 2.835 0.987 2.84 
CdS A 100W, 100kHz, 42mins, RT 6.07E+08 -1.70E+09 2.804 0.985 2.80 
CdS A 75W, 100kHz, 50 mins, RT 7.68E+08 -2.29E+09 2.980 0.975 2.98 
CdS A 100W, 70 kHz, 45 mins, RT 1.68E+09 -4.64E+09 2.756 0.929 2.76 
CdS A 100W, 100kHz, 30 min 8.95E+08 -2.65E+09 2.962 0.955 2.96 
CdS A 120W 60kHz 45 mins, RT 1.21E+09 -3.49E+09 2.879 0.998 2.88 
CdS A 125W, 100kHz, 40 mins, RT 7.89E+08 -2.22E+09 2.816 0.984 2.82 
CdS A 110W, 80kHz, 50 min, RT 6.62E+08 -1.82E+09 2.748 0.989 2.75 
CdS A 50W, 80kHz, 70 mins, RT 6.13E+08 -1.51E+09 2.458 0.774 2.46 
























APPENDIX M: COMSOL EQUATIONS 
Equations for inductively coupled plasma: 
 
Equations for all reactions: 
 
For species Ar: 
 





Ars => Ar, Ar+ => Ar 
 





















APPENDIX N: SUPPLEMENTAL FILES 
 
IDList.xlxs Spreadsheet listing all films made and stored in the 
lab, deposition parameters, and the treatment of 
each. Also includes measured values of electrical 
properties. The data can be seen separated in each 
section [Ta doping study and PDC study sections]. 
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